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FIG.  I.  Schematic  diagram  of  the  asymmetric  coupled-quantum-well 
(ACQW)  structure. 
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FIG.  2.  Micrograph  of  a  250-p.m-diameter  mesa  diode  processed  for 
transmission  measurements  by  removing  the  GaAs  substrate. 

FIG.  3.  Bias-dependent,  8-K  photoluminescence  (PL)  spectra  from  a 
p-i-n  diode  (sample  802)  containing  the  ACQW  structure  with  8.8- 
nm-thick  wide  wells  and  thick  (9.0-nm)  barriers. 

FIG.  4.  Bias-dependent,  8-K  photocurrent  spectra  from  sample  802. 

FIG.  5.  Measured  and  calculated  energies  of  the  h.lel  transition  as  a 
function  of  applied  bias  for  sample  802. 

FIG.  6.  Measured  and  calculated  energies  of  the  hlel  transition  as  a 
function  of  applied  bias  for  sample  800. 

FIG.  7.  Transmission  electron  micrograph  of  the  ACQW  region  of 
sample  1121. 

FIG.  8.  8-K  photocurrent  spectra  of  the  GaAs/AlGaAs  ACQW  sam¬ 
ple  (sample  1121). 

FIG.  9.  Observed  and  calculated  peak  transition  energies  as  func¬ 
tions  of  applied  reverse  bias  in  sample  1121. 

FIG.  10.  Calculated  energies  of  the  llel  and  /te2  transitions  in  an 
ACQW  structure  (sample  919)  with  8.5-nm  and  4.3-nm  GaAs  wells 
coupled  by  a  2.1-nm  AlGaAs  barrier. 

FIG.  11.  Interferograms  measured  in  the  Mach-Zehnder  interferome¬ 
ter  with  860-nm-wavelength  light. 

FIG.  12.  Measured  phase  shift  and  intensity  change  in  sample  919  at 
four  different  TM-polarized  laser  wavelengths. 
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FIG.  13.  Measured  change  in  the  real  and  imaginary  part  of  the 
effective  waveguide  refractive  index  in  sample  919  at  four  different 
TM-polarized  laser  wavelengths. 


FIG.  14.  Calculated  change  in  the  real  part  of  the  refractive  index 
for  sample  919  as  a  function  of  electric  field. 

FIG.  15.  Current-voltage  (I-V)  characteristic  for  an  InGaAs  p-i-n 
diode  grown  on  InP. 


FIG.  16.  Current- voltage  (I-V)  characteristic  for  an  InAlAs  p-i-n 
diode  grown  on  InP. 

FIG.  17.  Single-crystal  •  x-ray  diffraction  spectrum  of  an 
InGaAs/InAlAs  ACQW  sample  (EO-72)  in  the  vicinity  of  the  (004] 
InP  substrate  reflection. 


FIG.  18.  Room-temperature  photocurrent  spectra  of  a  control  sam¬ 
ple  (sample  EO-64)  containing  40  periods  of  7.5-nm  InGaAs  quantum 
wells  separated  by  10.0-nm  InAlAs  barriers. 


FIG.  19.  Room-temperature  photocurrent  spectra  of  an  ACQW 
sample  (EO-72)  containing  29  periods  of  7.5-  and  5.0-nm  InGaAs 
quantum  wells  coupled  by  a  l.S-nm  InAlAs  barrier. 

FIG.  20.  Low-temperature  (8  K)  photocurrent  spectra  of  sample 
EO-72  for  several  values  of  reverse  bias. 


FIG.  21.  Calculated  and  observed  (at  8  K)  transition  energies  as 
functions  of  applied  reverse  bias  for  sample  EO-72. 

FIG.  22.  Room-temperature  photocurrent  spectra  of  an 

InGaAs/InAlAs  MQW  waveguide  sample  (EO-77)  containing  only 
uncoupled  7.5-nm  quantum  wells. 

FIG.  23.  Room-temperature  photocurrent  spectra  of  an 

InGaAs/InAlAs  MQW  waveguide  sample  (EO-75)  containing  7.5- 
and  5.0-nm  quantum  wells  coupled  by  a  1.6-nm  barrier. 


FIG.  24.  Phase  shift  and  relative  transmission  measured  as  a  func-  61 

tion  of  reverse  bias  in  250-p.m-long  waveguides  containing  uncoupled 
wells  (sample  EO-77)  and  asymmetric  coupled  wells  (sample  EO-75) 
of  InGaAs/InAlAs. 

FIG.  25.  Changes  in  the  real  and  imaginary  parts  of  the  effective  62 

waveguide  refractive  index  as  a  function  of  reverse  bias  at  1.523  p.m 
in  TM  polarization  in  250-p.m-long  waveguides  containing  uncoupled 
wells  (sample  EO-77)  and  asymmetric  coupled  wells  (sample  EO-75) 
of  InGaAs/InAlAs. 

FIG.  26.  Calculated  changes  in  the  real  part  of  the  MQW  refractive  6  4 

index  for  the  uncoupled  and  ACQW  waveguides. 
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We  present  the  results  of  a  two-year  contract  to  develop  an  optical  phase  shifter  for 
use  at  1.55  p.m  based  on  the  coupling  of  electron  energy  levels  in  a  new  type  of  quantum 
well  system  known  as  an  asymmetric  coupled  quantum  well  (ACQW).  The  work  was 
divided  into  two  phases;  in  phase  1  we  concentrated  on  studying  the  optical  properties  of 
the  new  quantum  well  system  as  grown  in  the  GaAs/AlGaAs  semiconductor  system  (for 
which  there  is  a  great  deal  of  information  in  the  scientific  literature),  and  in  phase  2  we 
established  the  growth  techniques  necessary  to  obtain  high-quality  InGaAs/InAlAs  grown 
on  InP  substrates  in  order  to  extend  the  operating  wavelength  into  the  1.55-p.m  region. 

An  interim  report  described  the  results  of  the  first  year  of  work  in  detail,  and  a  sum¬ 
mary  is  given  in  this  report.  During  the  second  year  (with  extension  into  a  third  year  due 
to  a  redistribution  of  funding  from  RADC/Hanscom),  we  observed  unambiguous  evidence 
of  the  effects  of  coupling  on  the  optical  properties  of  GaAs/AlGaAs  ACQWs  (using  photo- 
current  spectroscopy)  and  demonstrated  substantial  electro-absorption  and  electro- 
refraction  effects  (in  GaAs/AlGaAs  single-mode  waveguides)  resulting  from  an  inter-well 
transition  unique  to  the  coupled  system.  Although  this  transition  was  not  originally 
predicted  as  the  phase-shifting  mechanism  in  the  ACQW  system,  it  was  found  to  dom¬ 
inate  the  below-band-gap  optical  properties  under  certain  bias  conditions.  The  results 
obtained  with  the  GaAs/AlGaAs  system  were  used  to  design  an  optimized  device  for  use 
in  the  InGaAs/InAlAs  system  (lattice-matched  to  InP  substrates)  that  is  appropriate  for 
1.55-p.m  operation.  This  materials  system  is  much  more  difficult  to  grow  with  high  opti¬ 
cal  quality  than  the  GaAs/AlGaAs  system.  The  design  optimization  proved  valuable  in 
reducing  the  number  of  growth  iterations  necessary  to  obtain  usable  devices. 


Using  group-III-composition  calibrations  based  on  x-ray  diffraction  measurements  of 
semiconductor  superlattices,  we  were  able  to  grow  very  high-quality  InGaAs/InAlAs 
quantum  wells  that  showed  strong  coupling  effects  even  at  room  temperature.  Experi¬ 
mental  comparisons  at  1.523  p.m  showed  that  the  inter-well  transition  in  the  ACQW 
resulted  in  substantial  enhancement  (at  a  certain  biases)  in  both  the  electro-refraction 
and  the  electro-absorption  over  that  obtained  for  uncoupled  wells.  At  this  wavelength, 
the  ACQW  waveguides  performed  very  well  as  intensity  modulators  giving  large  modula¬ 
tion  depths  with  relatively  low  phase  shifts.  The  results  of  measurements  made  at  several 
wavelengths  in  the  GaAs/AJGaAs  system  indicate  that  the  ACQW  waveguides  will  per¬ 
form  well  as  phase  shifters  at  longer  wavelengths  (1.55  |Xm  or  beyond).  The  extra  degrees 
of  freedom  afforded  by  the  ACQW  (e.g.  in  the  choice  of  absolute  and  relative  well  widths) 
should  result  in  a  number  of  new  devices  which  exhibit  superior  performance  to  those 
based  on  the  standard  rectangular  quantum  well  system. 
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I,  INTRODUCTION 


This  report  summarizes  the  results  of  a  two-year  contract  to  develop  an  optical  phase 
shifter  for  use  at  a  wavelength  of  1.55  fim  based  on  electro-refraction  in  InGaAs/InAlAs 
asymmetric  coupled-quantum-well  (ACQW)  structures.  In  these  structures,  coupling  of 
the  electron  subbands  associated  with  the  two  wells  leads  to  an  avoided  crossing  of  the 
electron  subbands  and  delocalization  of  the  corresponding  wave  functions.  The  depen¬ 
dence  of  the  optical  transition  energies  on  electric  field  is  modified  by  this  coupling; 
because  of  the  Kramers-Kronig  relation  between  absorption  and  refraction,  the  refractive 
index  changes  as  well.  Thus  the  ACQW  system  exhibits  both  electro-absorptive  and 
electro-refractive  effects  that  are  different  from  (and  under  many  circumstances  much 
larger  than)  corresponding  effects  that  are  known1,2  to  occur  in  uncoupled  multiple- 
quantum-well  (MQW)  structures.  When  used  in  a  single-mode  waveguide  configuration, 
the  ACQW  system  can  provide  either  a  low-loss  optical  phase  shift  (for  light  with  energy 
well  below  the  exciton  absorption  energy)  or  an  intensity  modulation  (for  light  with 
energy  just  below  the  exciton  absorption  energy). 

The  first  phase  of  the  program  involved  investigations  of  the  electro-optic  properties 
of  GaAs/AlGaAs  coupled  quantum  wells.  This  semiconductor  system  was  used  to  iden¬ 
tify  the  fundamental  mechanisms  contributing  to  the  electro-optic  properties  of  the 
ACQW  system  and  to  verify  the  predictions  of  sophisticated  theoretical  models.  Many  of 
the  results  obtained  in  the  first  phase  are  of  intrinsic  interest  from  the  device  point  of 
view.  The  optical  properties  of  GaAs/AlGaAs  ACQW  waveguides  were  investigated  as  a 
function  of  light  wavelength,  since  a  tunable  dye  laser  was  available  to  us  for  the  con¬ 
tract. 
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The  second  phase  of  the  program  involved  extending  the  results  obtained  with 
GaAs/AlGaAs  quantum  wells  to  the  InGaAs/InAlAs  material  system  (lattice  matched  to 
InP  substrates).  Optical  intensity/phase  modulators  were  fabricated  from  several  ACQW 
waveguide  samples  grown  with  these  materials;  results  of  measurements  using  a  1.523-p.m 
He-Ne  laser  are  described  in  detail  below.  Fuller  characterization  of  these  devices  with  a 
tunable  infrared  laser  would  be  of  interest. 

In  our  interim  report,  written  at  the  half-way  point  of  the  contract,3  preliminary 
results  on  GaAs/AlGaAs  ACQW  growth  and  characterization  were  described.  In  Section 
II  of  this  report,  we  shall  briefly  summarize  those  results  to  set  the  stage  for  what  follows. 
Sections  III  and  IV  are  devoted  to  the  two  primary  tasks  mentioned  above: 
GaAs/AlGaAs  and  InGaAs/InAlAs  devices,  respectively.  For  each  of  these  materials  sys¬ 
tems,  we  describe,  in  turn,  the  measurements  of  the  basic  optical  properties  of  the  quan¬ 
tum  wells  (based  primarily  on  room-  and  low-temperature  photocurrent  spectroscopy) 
and  the  results  of  optical  intensity  and  phase  measurements  performed  as  functions  of 
sample  bias  and  (in  the  case  of  the  GaAs/AlGaAs  devices)  wavelength.  In  contrast  to  our 
interim  report,  we  do  not  have  a  separate  theory  section;  rather,  theoretical  results  are 
integrated  with  the  rest  of  the  text  where  appropriate.  Finally,  Section  V  gives  a  sum¬ 
mary  of  the  status  of  ACQW  modulators  and  suggests  follow-up  studies  to  clarify  some  of 
the  issues  raised  during  the  contract. 

To  avoid  repeating  the  details  of  samples  grown  for  this  contract,  we  provide  an 
identifying  sample  number  together  with  a  full  description  of  the  structure  for  each 
quantum-well  sample  in  Appendix  A.  In  the  main  text,  each  sample  is  described  the  first 
time  it  is  discussed;  thenceforth,  each  sample  is  identified  only  by  sample  number.  The 
samples  that  will  be  delivered  (under  separate  cover)  to  RADC  are  also  identified  in 
Appendix  A. 
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A.  BACKGROUND  AND  THEORY 


The  refractive  index  of  a  physical  system  is  not  independent  of  the  system’s  absorp¬ 
tion  coefficient;  rather,  because  of  causality,  the  two  are  related  by  an  integral  transform, 
known  as  the  Kramers-Kronig  relation:4 


,  x  -  .  C  „  r  oc(aj  )  den 

n  en  =  1  +  —  P  J  - Y  - 


(1) 


where  en  is  the  angular  frequency  of  the  light,  n(tn)  is  the  refractive  index,  \  is  the 
(vacuum)  wavelength,  a(tn)  is  the  absorption  coefficient,  and  P  indicates  the  principal 
value  integral.  In  quantum-well  systems,  where  there  are  nearly  discrete  absorption 
features  associated  with  the  formation  of  excitons  (bound  electron-hole  pairs),  the  impli¬ 
cation  of  Eq.  (1)  is  that  there  can  be  a  significant  contribution  to  the  refractive  index  due 
to  excitons  at  a  frequency  well  away  from  that  of  the  exciton  resonance5.  The  excitonic 
features  in  quantum  wells  are  known  to  shift  in  energy  with  application  of  an  electric 
field;1  this  field-induced  energy  shift  is  known  as  the  quantum-confined  Stark  effect 
(QCSE).  Based  on  the  above,  the  QCSE  can  be  used  (in  principle)  to  modulate  the  refrac¬ 
tive  index  in  a  wavelength  region  in  which  the  absorption  coefficient  of  the  quantum  wells 
is  small. 


The  ACQW  geometry  was  chosen  as  a  potentially  efficient  system  for  electrically 
modulating  the  excitonic  contribution  to  the  absorption  coefficient  (and  thus  the  index  of 
refraction).  Figure  la  shows  an  energy-level  diagram  for  the  configuration  at  zero  field. 
If  an  external  field  is  applied  to  the  left  in  the  figure,  the  energies  of  the  lowest-energy 
electron  subbands  associated  with  each. of  the  wells  approach  one  another,  whereas  the 
lowest-energy  hole  subband  associated  with  the  wide  well  remains  isolated  in  energy  from 
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FIG.  1.  Schematic  diagram  of  the  asymmetric  coupled-quantum- well  (ACQW)  structure, 
with  the  applied  field  equal  to  (a)  zero,  (b)  the  resonance  field,  and  (c)  some  value  beyond 
resonance.  Optical  transitions  supported  by  the  system  are  indicated  by  arrows.  Near 
zero  bias,  the  inter-well  transition  between  the  wide-well  hole  state  and  the  narrow-well 
electron  state  is  not  observed.  As  the  field  approaches  the  resonance  field,  the  energies  of 
the  lowest  energy  electron-states  associated  with  each  of  the  wells  approach  one  another, 
whereas  the  lowest  energy  hole-state  remains  well  separated  from  other  hole  states  for  all 
field  magnitudes.  At  resonance,  there  is  an  avoided  crossing  of  the  electron  levels  and  a 
corresponding  delocalization  of  the  electron  wave  functions;  near  resonance,  both  transi¬ 
tions  shown  are  strong.  Beyond  resonance,  the  electrons  are  once  again  delocalized,  but 
the  transition  between  the  hole  state  of  the  wide  well  and  the  electron  state  of  the  narrow 
well  (indicated  by  the  dashed  arrow),  although  weak  compared  with  the  intra-well  transi¬ 
tion,  is  the  lowest  energy  electron-hole  transition  supported  by  the  ACQW  system. 


-4- 


other  hole  subbands  for  all  field  magnitudes.  In  Figure  lb,  the  field  magnitude  is  equal  to 
the  resonance  field  Fr  for  which  the  two  electron  subbands  are  in  resonance,  leading  to  a 
minimum  splitting  of  the  electron  energies  and  a  delocalization  of  the  electron  wave  func¬ 
tions.  Beyond  resonance,  the  electrons  are  once  again  delocalized,  but  the  transition  (Fig. 
lc)  between  the  hole  subband  of  the  wide  well  and  the  electron  subband  of  the  narrow 
well  is  now  the  lowest-energy  electron-hole  transition  supported  by  the  ACQW  system 
and  dominates  its  below-bandgap  optical  properties. 

In  our  theoretical  treatment  of  this  system,  we  have  used  the  standard  envelope- 
function  approximation,8  (ignoring  conduction-band  nonparabolicity7  and  valence-band 
mixing8).  In  our  previous  report,3  we  described  in  detail  the  calculation  of  electron  and 
hole  subband  energies  and  wave  functions  and  of  the  exciton  binding  energies  and  oscilla¬ 
tor  strengths  as  functions  of  applied  bias  in  a  GaAs/AlGaAs  ACQW  structure  containing 
10-  and  5-nm  wells  and  a  2.5-nm  barrier. 

B.  EXPERIMENT 

Experimental  results  reported  for  the  first  year  of  the  contract  were  obtained  pri¬ 
marily  through  bias-dependent  optical  absorption  (electro-absorption)  measurements. 
Such  measurements  are  an  extremely  powerful  tool  for  analysis  of  quantum-well  systems 
because  they  can  provide  the  energies  and  strengths  of  the  exciton  absorption  features, 
and  they  reveal  the  way  in  which  these  quantities  vary  with  the  applied  electric  field. 
This  information  can  be  compared  directly  with  theory  and  can  be  used  to  optimize  dev¬ 
ice  design  parameters. 

Typically,  the  samples  used  for  optical  absorption  measurements  must  contain  many 
quantum  wells  in  order  to  exhibit  appreciable  optical  absorption  (on  the  order  of  40 
periods  of  a  structure  is  typical).  The  samples  are  fabricated  into  circular  mesa  diodes 
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appropriate  for  biasing  measurements,  as  described  in  detail  in  our  previous  report.3  The 
substrates  must  be  removed  to  permit  transmission  of  light  through  the  samples.  Figure 
2  shows  a  diode  processed  in  this  way  and  illuminated  from  the  back  with  white  light. 
The  diode  is  highly  transmitting  in  the  infrared,  but  the  film  used  for  this  picture  records 
only  the  (relatively  weak)  portion  of  the  visible  spectrum  that  is  not  absorbed  by  the 
AlGaAs  layers. 

Among  the  first  samples  containing  coupled  quantum  wells  that  we  examined  for  the 
contract  was  one  sample  containing  8-  and  4-nm  GaAs  quantum  wells  separated  by  a  5- 
nm  AlGaAs  barrier  (sample  259  in  Appendix  A).  This  sample  exhibited  an  unusual  opti¬ 
cal  nonlinearity9  in  that  the  observed  Stark  shift  was  much  less  than  that  predicted 
theoretically  and  depended  strongly  on  the  intensity  of  the  light  used  to  probe  the  sample. 

We  provided  a  tentative  (and  somewhat  incomplete)  explanation  of  this  effect9  in 
terms  of  a  charge  separation  and  a  resulting  cancellation  of  the  applied  fields  that  occurs 
when  the  coupled-well  system  is  biased  beyond  resonance.  Although  the  origin  of  this 
nonlinearity  is  still  not  fully  understood,  we  now  believe  that  it  arose  from  the  relatively 
poor  quality  of  sample  259  and  other  samples  grown  in  our  molecular-beam  epitaxy 
(MBE)  system  around  the  same  time  and  is  not  a  fundamental  property  of  the  ACQW 
system.  These  samples  had  a  relatively  high  A1  mole  fraction  in  the  AlGaAs  layers  and 
exhibited  a  high  density  of  deep  levels  that  could  act  as  long-lived  carrier  traps.  The 
presence  of  such  traps  may  explain  the  long  recombination  times  needed  to  fully  quantify 
the  nonlinearities. 

For  similar  reasons,  we  now  believe  that  the  complete  suppression  of  any  Stark  shifts 
described  in  our  previous  report3  for  a  GaAs/AlGaAs  ACQW  structure  with  a  0.8-nm 
barrier  (sample  351)  is  a  result  of  a  high  density  of  deep  levels  in  the  AlGaAs.  We  have 
since  grown  several  ACQW  samples  with  thin  barriers  that  show  large  Stark  shifts. 
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Samples  grown  much  later  on  the  MBE  had  much  lower  deep  level  densities;  correspond¬ 
ingly,  later  quantum-well  samples  did  not  exhibit  any  such  nonlinear  effects,  and  there¬ 
fore  the  effects  did  not  interfere  with  the  observation  of  the  coupling  mechanisms  that  are 
of  interest  for  this  contract. 
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III.  RESULTS  FOR  GaAa/AlGaAa  STRUCTURES 


A.  IMPLICATIONS  OF  LOW- TEMPERATURE 
PHOTOCURRENT  MEASUREMENTS 

The  experimental  results  obtained  during  the  first  contract  year  were  not  altogether 
encouraging,  for  several  reasons.  First,  samples  grown  early  in  the  contract  period  tended 
to  exhibit  unusual  effects  that  masked  the  features  of  interest  (see  the  prior  discussion  of 
nonlinear  effects).  Second,  the  use  of  transmission  measurements  as  the  primary  tool  for 
studying  the  electro-absorption  properties  of  ACQWs  introduced  unnecessary  (as  it 
turned  out)  complexities  into  the  processing  of  samples  for  experiments.  As  a  result  of 
these  (and  other)  problems,  we  were  unable,  during  the  first  year  of  the  contract,  to 
observe  unambiguous  evidence  of  the  well-coupling  phenomena  that  we  sought  to  estab¬ 
lish. 

In  an  attempt  to  circumvent  some  of  these  difficulties,  we  explored  (partially  under 
internal  funding  and  partially  under  funding  from  this  contract)  the  use  of  room-  and 
low-temperature  photocurrent  (PC)  measurements10  as  an  alternative  to  transmission 
measurements.  The  observed  PC  in  a  p-i-n  diode  structure  is  given  by11 

J(M  =  (*■  ~  r)  j1  ~  exp[— a(X)L]|t|(X)  ,  (2) 

where  /(A.)  is  the  collected  photocurrent,  W(\)  is  the  power  of  the  incident  (dispersed) 
light,  r  is  the  reflectivity  of  the  sample-air  interface,  a(\)  is  the  absorption  coefficient  of 
the  intrinsic  region  of  the  diode,  L  is  the  intrinsic  region  thickness,  and  t)(\)  is  the  carrier 
collection  efficiency  of  the  diode.  As  long  as  t|(\)  is  not  a  strong  function  of  the  light 
wavelength  \,  PC  is  proportional  to  the  absorption  spectrum  of  the  diode’s  intrinsic 
region. 
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Using  the  PC  technique  greatly  simplifies  sample  processing.  There  is  no  need  to 
remove  the  substrate  (since  the  light  does  not  need  to  be  transmitted  through  the  sample), 
and  diodes  are  formed  simply  by  depositing  a  blanket  n-type  (Au/Sn/Au)  contact  on  the 
back  surface  of  the  wafer  and  etching  mesas  (on  the  order  of  5  p.m  in  height)  with  p-type 
(Au/Cr/Au)  ring  contacts.  Typically  many  diodes  are  processed  on  a  single  piece  of 
material,  and  current-voltage  characteristics  are  measured  at  room  temperature  to  iden¬ 
tify  diodes  with  good  electrical  properties  (high  reverse-bias  breakdown  voltages,  low 
leakage  currents,  etc.). 

An  initial  PC  study12  pointed  out  potential  difficulties  associated  with  background 
doping  in  p-i-n  diode  samples  with  relatively  thick  intrinsic  regions.  Such  difficulties  had 
been  suggested  by  theoretical  calculations,13  but  no  previous  quantitative  comparison 
with  experiment  had  been  made  prior  to  our  study.  The  PC  experiments  were  performed 
on  two  samples,  one  an  ACQW  structure  with  thick  barriers  and  the  other  containing 
many  wells  of  a  single  width.  This  work  was  not  supported  by  the  contract,  but  the 
results  are  relevant  to  the  contract  work  and  are  reported  here. 

The  layer  sequence  for  the  samples,  starting  from  the  substrate,  is  as  follows:  0.5-p.m 
n+  GaAs  buffer,  1.0-jxm  n+  AlGaAs  etch  stop  (to  allow  substrate  removal  for  transmis¬ 
sion  studies),  0.22  p.m  each  of  n-doped  and  undoped  superlattice  serving  as  a  barrier  for 
dopant  migration  during  growth,  the  MQW  structure  itself,  another  0.09  jam  each  of 
undoped  and  p-doped  superlattice,  and  a  thin  p+  GaAs  contact  layer.  For  the  ACQW 
sample  (sample  802  in  Appendix  A),  the  quantum-well  region  consists  of  40  periods  of  a 
3.6-nm  GaAs  well,  a  9.0-nm  AlGaAs  barrier,  an  8.8-nm  GaAs  well,  and  a  9.8-nm  AlGaAs 
barrier.  The  total  thickness  of  the  intrinsic  region,  including  undoped  superlattice,  is  1.55 
p.m.  This  sample  was  originally  grown  as  a  control  for  studying  the  properties  of  the  wide 
and  narrow  wells  in  the  absence  of  coupling.  Sample  800  has  40  GaAs  wells,  each  7.2-nm 
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thick,  separated  by  9.8-nm  barriers,  and  a  total  intrinsic-region  thickness  of  0.98  p,m.  In 
both  cases  the  A1  mole  fraction  in  the  AlGaAs  is  0.26.  The  well  widths  were  determined 
by  comparing  the  peak  energies  of  the  heavy-hole  exciton  features  observed  in  the  zero- 
field  low-temperature  PC  spectra  with  single-band  envelope-function  calculations. 

After  growth,  the  samples  were  processed  into  250-p.m-diameter  mesa  diodes  with 
p-type  ohmic  contact  rings  (100-p.m  inner  diameter)  on  the  top  surface.  Room- 
temperature  capacitance-voltage  measurements  on  sample  802  gave  a  background  carrier 
density  of  4.5 x  10is/cm3;  the  bias  necessary  to  fully  deplete  its  intrinsic  region  is  about  6 
V  at  room  temperature. 

Both  samples  were  characterized  using  low-temperature,  field-dependent  PC  and 
photoluminescence  (PL)  spectroscopy.  Figure  3  shows  the  8-K  PL  spectra  from  sample 
802  at  reverse  biases  of  0,  2,  8,  12,  and  14  V.  At  low  bias  voltages,  a  strong  peak  (h jcJ 
and  a  weak  peak  associated  with  the  8.8-nm  well  are  observed.  Figure  4  shows  the 

low-temperature  PC  spectra  (at  the  same  biases)  for  the  same  sample.  The  zero-bias 
curve  in  Fig.  4  shows  strong  absorptions  at  nearly  the  same  energies  as  those  in  Fig.  3.  As 
the  reverse  bias  increases,  the  peaks  in  the  PC  spectra  broaden  considerably,  and  a  set  of 
subsidiary  peaks  forms  at  lower  energies.  At  a  14-V  reverse  bias,  there  are  four  distinct 
peaks  in  the  PC  spectrum  between  1.52  and  1.56  eV;  the  corresponding  PL  spectrum  has 
only  one  peak.  In  addition,  the  PC  spectrum  shows  Stark  shifts  of  the  heavy-hole  exciton 
of  up  to  50  meV  at  20  V  reverse  bias,  whereas  the  PL  spectrum  shows  only  a  15-meV 
shift. 

The  difference  between  the  observed  bias  dependence  of  the  PL  and  PC  spectra  can 
be  explained  in  terms  of  the  depletion  characteristics  of  the  quantum-wed  legion  arising 
from  unintentional  background  doping.  The  PL  is  due  predominantly  to  carrier  recombi¬ 
nation  in  the  undepleted  (zero-field)  region  near  the  surface  of  the  sample.  In  the 


-11- 


1.00  1 


PHOTON  ENERGY  (eV) 


FIG.  3.  Bias-clepenaent,  8-K  photoluminescence  (PL)  spectra  from  a  p-i-n  diode  (sample 
802)  containing  the  ACQW  structure  with  8.8-nm-thick  wide  wells  and  thick  (9.0-nm) 
barriers;  the  total  intrinsic-region  thickness  is  1.55  p,m.  Curves  have  been  individually 
normalized  and  offset  for  clarity.  (The  peak  PL  intensities  actually  span  two  orders  of 
magnitude  for  the  bias  range  shown.) 


-12- 


PHOTOCURRENT  (orb.  units) 


1.00 


-14  V 


PHOTON  ENERGY  (eV) 


FIG.  4.  Bias-dependent,  8-K  photocurrent  spectra  from  sample  802.  The  presence  of 
several  peaks  at  large  reverse  biases  where  there  is  only  one  in  the  PL  spectrum  indicates 
the  presence  of  a  substantial  electric-field  inhomogeneity. 


depleted  region,  photogenerated  carriers  are  swept  away  by  the  internal  field,  so  that  the 
recombination  efficiency  is  lower  than  that  of  the  field-free  region.  However,  the  PC  is 
most  efficiently  generated  in  the  high-field  regions  of  the  sample,  wherein  the  electrons 
and  holes  can  be  efficiently  swept  toward  the  contact  layers  by  the  electric  field  and  col¬ 
lected.  Low-field  features  can  also  be  observed  in  PC  spectra  because  some  of  the  charges 
generated  in  the  undepleted  quantum  wells  diffuse  into  the  high-field  region,  where  they 
can  be  collected. 

The  electric-field  distribution  within  the  MQW  region  was  calculated  by  assuming 
that  the  background  doping  in  the  intrinsic  region  is  slightly  p-type  (arising  from  the 
incorporation  of  carbon  into  the  structure  during  growth)  and  by  using  a  standard  deple¬ 
tion  model14  for  a  p~ /a  +  junction.  The  Stark  shifts  in  the  quantum-well  transitions  were 
calculated  as  functions  of  the  electric  field  by  using  the  single-band  envelope-function 
approximation,  with  the  background  doping  density  and  the  intrinsic-region  thickness 
taken  as  adjustable  parameters.  Because  field-dependent  changes  in  the  exciton  binding 
energies  are  generally  small  compared  with  Stark  shifts  of  the  electron  and  hole  subbands, 
they  have  been  neglected. 

According  to  the  model,  for  biases  below  that  necessary  to  fully  deplete  the  intrinsic 
region  of  the  diode,  the  minimum  field  in  the  MQW  region  (experienced  by  the  quantum 
wells  within  the  undepieted  region)  is  zero,  and  there  should  be  a  corresponding  unshifted 
exciton  peak.  This  is  confirmed  by  both  the  PL  and  PC  spectra  (see  Figs.  3  and  4  for 
biases  up  to  8  V).  If  we  assume  that  the  lowest-  and  highest-energy  heavy-hole  peaks  in 
the  PC  spectra  correspond  to  the  minimum  and  maximum  fields  in  the  MQW  region,  a 
quantitative  comparison  of  theory  and  experiment  is  possible.  This  is  shown  in  Fig.  5, 
where  we  compare  calculations  of  the  minimum  and  maximum  transition  energies  as 
functions  of  applied  bias  with  experimental  peak  positions  taken  from  the  PC  spectra  for 
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FIG.  5.  Measured  (symbols)  and  calculated  (solid  lines)  energies  of  the  hlel  transition  as 
a  function  of  applied  bias  for  sample  802.  The  calculated  energies  are  for  the  quantum 
wells  that  experience  the  minimum  and  maximum  electric  fields;  experimental  points 
(from  the  photocurrent  spectra)  are  plotted  for  all  distinguishable  peaks. 
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sample  802,  with  the  background  doping  p  =  5.63 x  10  /cm  and  intrinsic-region  thick¬ 
ness  d  =  1.542  |i.m.  Figure  6  shows  a  similar  comparison  for  sample  800,  which  had  a 
thinner  intrinsic  region  and  narrower  wells,  where  we  have  taken  p  =  4.74 x  1015/cm3  and 
d  —  0.914  jxm.  As  seen  in  Fig.  5  (and  in  Fig.  4  as  well),  the  "spreading"  observed  in  sam¬ 
ple  802  (the  thicker  sample)  consists  in  fact  of  a  series  of  a  few  peaks.  This  series  may 
arise  from  a  "locking"  effect  in  which  many  wells  cluster  into  domains,  all  of  which  see  the 
same  field.  Such  an  effect  may  be  necessary  in  order  to  satisfy  the  condition  of  conserva¬ 
tion  of  tunneling  current  between  wells;15  in  any  event,  it  is  beyond  the  scope  of  the 
present  work. 

For  reverse  biases  greater  than  that  necessary  to  deplete  the  intrinsic  region,  the 
difference  in  electric  fields  between  the  lowest-field  and  the  highest-field  regions  is  about 
100  kV/cm  in  sample  802  and  50  kV/cm  in  sample  800.  The  spread  in  peak  energies 
observed  for  sample  800  was  much  less  than  for  sample  802  because  the  narrower  wells 
experienced  smaller  Stark  shifts  and  the  range  of  fields  within  its  MQW  region  was 
smaller.  The  agreement  of  the  calculations  with  the  experimental  data  is  excellent,  and 
the  adjustable  parameters  are  all  within  10  %  of  their  design  values  (which  is  fully  satis¬ 
factory  given  the  crudeness  of  the  model). 

The  background  doping  observed  in  these  samples  is  somewhat  high,  although  in  the 
typical  MBE  growth  range.1®  It  is  an  unavoidable  consequence  of  background  impurities 
present  in  the  growth  chamber  that  are  incorporated  into  the  device  structure  during 
growth.  Since  the  PC  technique  is  sufficiently  sensitive  to  characterize  structures  contain¬ 
ing  only  a  few  wells,  the  "smearing"  effects  associated  with  the  background  can  be  minim¬ 
ized  by  growing  samples  that  contain  5-10  wells  and  that  therefore  have  a  much  lower 
field  inhomogeneity  in  the  MQW  region.  Since  the  quantum-well  waveguides  that  are  of 
interest  for  phase-shifting  devices  meet  these  requirements,  ail  the  GaAs/AlGaAs  samples 
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FIG.  6.  Measured  (symbols)  and  calculated  (solid  lines)  energies  of  the  h{ex  transition  as 
a  function  of  applied  bias  for  a  p-i-n  diode  (sample  800)  containing  40  GaAs  wells,  each 
with  a  thickness  of  7.2  nm,  separated  by  9.8-nm  barriers.  Because  the  intrinsic  region  of 
this  sample  (0.98  pun)  is  much  smaller  than  that  of  sample  802,  the  corresponding 
electric-field  inhomogeneity  is  much  smaller. 
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grown  for  the  contract  after  our  initial  PC  studies  were  of  this  form  and  were  useful  both 
for  fundamental  studies  of  the  electronic  states  in  the  quantum  wells  and  for  fabrication 
of  waveguides  for  phase-shift  and  absorption  modulation  measurements. 

B.  OBSERVATION  OF  COUPLING  EFFECTS 
IN  G&Aa/AiGaAjs  ACQW  STRUCTURES 

Since  the  beginning  of  the  contract  period,  there  have  been  several  publications  by 
others  on  the  optical  properties  of  coupled  quantum-well  structures,17-22  although  most 
of  this  work  has  been  concerned  with  symmetric  or  slightly  asymmetric  systems.  Low- 
temperature,  high-resolution  spectroscopic  studies  of  symmetric21  and  slightly  asym¬ 
metric22  systems  demonstrated  an  abundance  of  spectral  features  resulting  from  the 
breakdown  of  selection  rules  appropriate  for  isolated  quantum  wells.  This  spectral  rich¬ 
ness  has  tended  to  hinder  the  unambiguous  interpretation  of  the  observed  phenomena 
and  has  therefore  prevented  detailed  comparisons  of  theory  with  experiment  in  these  sys¬ 
tems. 

Having  overcome  the  problems  discussed  in  Section  III. A,  which  inhibited  our  studies 
of  coupling  effects  in  the  ACQW  system,  we  were  able  to  grow  samples  in  which  the 
effects  of  electron  coupling  between  wells  was  demonstrated  unambiguously  in  low- 
temperature  PC  measurements.23  In  contrast  to  the  studies  referred  to  in  the  above  para¬ 
graph,  in  our  work  the  ACQW  system  has  a  relatively  large  degree  of  asymmetry.  As  we 
report  here,  the  field  dependence  of  optical  transitions  in  this  system  displays  the  effects 
of  the  coupling  between  electron  levels  without  the  simultaneous  hole  coupling  that  occurs 
in  nearly  symmetric  coupled-well  systems.18-22  As  a  result,  a  detailed  comparison  of  cal¬ 
culations  with  experiment  is  possible,  enabling,  e.g.,  a  determination  of  the  band  offsets  in 
the  GaAs-AlGaAs  system. 
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The  quantum-well  region  of  the  sample  used  in  this  study  (1121  in  Appendix  A)  con¬ 
sists  of  seven  periods  of  the  ACQW  structure  (9.5-nm  GaAs  well,  2.4-nm  AlGaAs  barrier, 
4.5-nm  GaAs  well,  and  a  9.8-nm  AlGaAs  spacer  layer).  This  undoped  structure  is  imbed¬ 
ded  in  a  p-i-n  diode  for  reverse  biasing.  We  determined  the  thicknesses  and  compositions 
of  the  well  and  barrier  layers  by  measuring  the  energies  of  the  AlGaAs  absorption  edge 
(to  determine  the  A1  mole  fraction)  and  the  lowest-energy  excitonic  transition  in  the  wide 
well  (to  determine  its  width)  using  PC  spectroscopy  under  a  slight  forward  bias  (i.e., 
nearly  flat-band).  These  two  parameters  gave  the  absolute  growth  rates  for  GaAs  and 
AlGaAs,  which  we  used  along  with  programmed  shutter  times  to  determine  all  other  layer 
thicknesses.  These  thicknesses  and  compositions  are  consistent  with  growth  rates  and  A1 
mole  fractions  determined  from  calibration  samples  and  with  transmission  electron 
microscopy  measurements  (of  layer  thicknesses)  of  the  sample  (see  Fig.  7). 

The  sample  was  processed  into  mesa  diodes  as  described  in  Section  III.A.  Figure  8 
shows  the  8-K  PC  spectra  in  the  1.52-1. 57-eV  region  for  three  applied  biases  correspond¬ 
ing  to  fields  below,  at,  and  above  the  resonance  of  the  electron  subbands  in  the  two  wells. 
(The  curves  have  been  offset  vertically  for  clarity.)  All  the  features  observed  in  this  spec¬ 
tral  region  arise  from  transitions  involving  hole  subbands  localized  in  the  wide  well. 
Features  above  1.6  eV  (not  shown  here)  include  narrow-well  and  excited-state  wide-well 
transitions  and  show  the  effects  of  coupling  between  both  electron  and  (excited-state)  hole 
levels.  Optical  nonlinearities,  discussed  in  Section  II,  were  not  observed  in  the  present 
sample  for  the  light  intensities  used  in  these  experiments. 

At  zero  bias,  the  transitions  labeled  hlel  and  llel  are  quite  sharp,  with  a  full  width 
at  half-maximum  of  ~2.1  meV.  At  a  reverse  bias  of  3.22  V,  the  coupling  of  the  electron 
levels  in  the  two  wells  results  in  significant  oscillator  strength  in  all  transitions  between 
the  localized  hole  subbands  (hlt  lx,  and  h2)  and  the  pair  of  delocalized  electron  subbands. 
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FIG.  7.  Transmission  electron  micrograph  of  the  ACQW  region  of  sample  1121.  The 
light  layers  are  AiGaAs,  and  the  dark  layers  are  the  GaAs  quantum  wells. 
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FIG.  8.  8-K  photocurrent  spectra  of  the  GaAs/AlGaAs  ACQW  sample  (sample  1121)  at 
three  values  of  the  applied  reverse  bias:  0  V,  3.22  V,  and  6.01  V.  Transitions  of  interest 
are  labelled  as  follows:  (a)  hlel;  (b)  lxex,  (c)  (d)  /» j e 3;  (e)  lxe2;  and  (f)  h2e2. 


The  transitions  h2e{  and  h2e2  correspond  to  isolated-well  transitions  that  are  forbidden 
by  symmetry  for  zero  field,  but  are  allowed  for  non-zero  fields.10  The  dominant  features 
in  the  spectrum  for  6.01-V  reverse  bias  are  the  hle2,  fiC2,  and  h2e 2  transitions  (see  Fig. 
1).  The  small  peaks  on  the  high-energy  side  of  each  of  the  main  features  arise  from  the 
last  wide  well  of  the  seven  coupled-well  pairs,  which  was  —0.5  nm  narrower  than  the  oth¬ 
ers  due  to  an  error  in  shutter  timing  during  growth. 

Figure  9  shows  the  peak  energies  of  the  transitions  of  interest  as  a  function  of  applied 
reverse  bias.  The  avoided  level  crossing  associated  with  the  interaction  of  electron  sub¬ 
bands  is  seen  in  the  and  lt  transitions  for  reverse  biases  between  2  and  4  V.  Also 
shown  in  Fig.  9  are  the  calculated  peak  energies  determined  by  a  single-band  envelope- 
function  approximation,  with  the  assumption  that  70%  of  the  GaAs-AlGaAs  energy-gap 
discontinuity  occurs  in  the  conduction  band.  Field-independent  exciton  binding  energies 
of  8  and  12  meV  were  used,  respectively,  for  heavy-  and  light-hole  transitions.  A  linear 
relationship  was  assumed  between  internal  electric  field  (the  theoretical  parameter)  and 
applied  bias  (the  experimental  parameter).  We  determined  a  built-in  diode  potential  of 
1.9  V  from  the  77-K  current- voltage  characteristics  of  the  diodes,  and  an  effective 
intrinsic- region  thickness  of  0.92  p,m  by  matching  the  calculated  and  measured  quantum 
Stark  shifts  of  the  "allowed”  heavy-hole  transition  in  the  high-field  region,  well  away 
from  resonance.  This  latter  value  is  consistent  with  results  of  room-temperature 
capacitance-voltage  measurements  performed  on  the  sample. 

Figure  9  shows  that  the  observed  phenomena  are  associated  with  the  avoided  level 
crossing  of  the  electron  subbands.  The  experimental  values  of  the  minimum  energy  split¬ 
ting  of  electron  levels  and  the  bias  voltage  at  which  the  minimum  occurs  are  9.4  ±  0.3 
meV  and  3.24  ±  0.10  V,  respectively.  (These  were  obtained  by  fitting  the  average  of  the 
splittings  obtained  from  the  "allowed"  light-  and  heavy-hole  transitions  in  the  vicinity  of 
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FIG.  9.  Observed  (symbols)  and  calculated  (solid  lines)  peak  transition  energies  as  func¬ 
tions  of  applied  reverse  bias  in  sample  1121.  In  the  calculations,  the  applied  bias  was 
determined  from  the  electric  field  by  using  the  expression  V  =  -1.9  +  0.092£\  where  V 
is  in  V  and  E  is  in  kV/cm  (see  text). 
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the  crossing,  as  a  function  of  bias  voltage,  to  a  parabolic  form.)  The  calculated  splitting, 
9.7  meV,  and  crossing  bias,  3.25  V,  are  in  excellent  agreement  with  the  experimental 
results.  Generally,  for  the  forbidden  transitions  i,2)»  difference  between  calcu¬ 
lated  and  observed  transitions  is  on  the  order  of  2-3  meV.  The  agreement  is  much  better 
than  this  for  the  "allowed"  transitions,  even  in  the  resonance  region. 

The  calculated  values  for  the  minimum  electron  energy  splitting  and  the  crossing 
bias  are  strong  functions  of  the  height  of  the  conduction-band  barrier.  By  repeating  the 
energy-level  calculations  for  a  number  of  different  values  of  the  barrier  height  we  were 
able  to  deduce  that  a  conduction-band  offset  of  70%  of  the  energy-gap  discontinuity  was 
consistent  with  the  experimental  data.  (For  comparison,  the  calculated  minimum  split¬ 
tings  and  crossing  voltages  are  12.4  meV  and  2.13  V,  respectively,  for  a  50%  offset  and  8.6 
meV  and  3.98  V,  respectively,  for  an  80%  offset.)  Previous  results  for  the  band  offset 
varied  from  85%24  to  55%, 25  and  the  most  recently  reported  results  are  in  the  60-65% 
range.2®’27  In  our  past  calculations,  we  consistently  used  the  70%  figure,  and  the  present 
results  increase  our  confidence  in  this  value. 

The  highly  asymmetric  system  investigated  under  the  present  contract  has  many 
advantages  over  symmetric  (or  slightly  asymmetric)  systems  for  studying  the  details  of 
coupling  between  quantum  wells.  As  shown  in  Fig.  1,  it  is  possible  to  electrically  tune  the 
system  completely  through  the  resonance,  which  is  not  possible  with  nearly  symmetric 
systems,  where  the  simultaneous  coupling  of  hole  and  electron  subbands  greatly  compli¬ 
cates  the  interpretation  of  the  absorption  spectra.21’22  As  seen  in  Fig.  9,  the  use  of  an 
ACQW  system  with  a  low  density  of  deep  levels  and  a  relatively  thin  MQW  region  has 
enabled  us  to  overcome  the  difficulties  encountered  in  previous  samples  and  unambigu¬ 
ously  interpret  the  optical  transitions  as  a  function  of  applied  bias.  In  addition,  the  excel¬ 
lent  agreement  between  the  experimental  results  and  the  theoretical  calculations  provides 
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credence  to  our  interpretation  of  results  on  waveguide  phase  shifts  in  similar  samples  and 
has  allowed  us  to  design  structures  in  the  InGaAs/InAlAs  materials  system  that  exhibit 
similar  effects. 

C.  ELECTRO-ABSORPTION  AND  ELECTRO-REFRACTION 
IN  GaAs/AlGaAs  ACQW  WAVEGUIDES 

The  ACQW  system  has  been  shown  (see  Section  III.B  above)  to  exhibit  novel 
electro-optic  properties  associated  with  the  coupling  of  subbands  in  the  two  wells.  Here, 
we  show  that  the  inter-well  transition,  beyond  the  resonance  field,  dramatically  affects  the 
electro-absorption  and  electro-refraction  properties  of  waveguides  made  from  ACQW 
structures. 

There  have  been  several  studies  of  the  phase-shifting  properties  of  GaAs/AlGaAs 
waveguides  containing  quantum  wells.  Gliek  et  al.  reported  the  electro-optic  properties  of 
a  multi-mode  waveguide  containing  30  GaAs  wells,  each  12.2-nm  thick,  at  wavelengths  of 
1.1523  and  0.888  p,m. 28,28  At  the  longer  wavelength,  the  observed  electro-optic  effect  was 
linear  with  applied  bias;  this  wavelength  is  too  far  removed  from  the  sample’s  absorption 
edge  for  the  quantum  wells  to  have  any  effect,  and  the  observed  electro-optic  coefficient 
was  close  to  that  of  bulk  GaAs.28  At  0.888  p.m,  a  large  quadratic  electro-optic  coefficient 
was  measured,  which  was  attributed  to  the  QCSE.  Single-mode  leaky  guides  containing  a 
pair  of  9.4-nm  quantum  wells  showed  similar  results  at  0.850  p.m.30  Later,  Zucker  et  a/.31 
studied  the  same  sample  at  wavelengths  between  0.82  and  0.88  p,m  using  a  Mach-Zehnder 
interferometer.  They  reported  a  large  dispersion  in  both  the  linear  and  quadratic 
electro-optic  coefficients  and  observed  a  strong  spectral  dependence  in  the  so-called  "chirp 
paiametei,"  given  by  An /Afc,  where  n  and  k  are  the  real  and  imaginary  parts  of  the 
index  of  refraction. 
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Here  we  consider  a  similar  study  of  the  electro-absorption  and  electro-refraction  pro¬ 
perties  of  single-mode  waveguides  containing  the  ACQW  structure.  Figure  10  shows  the 
energies  of  the  optical  transitions  from  the  wide-well  light-hole  subbands  to  the  pair  of 
coupled  electron  subbands  as  a  function  of  applied  bias  in  this  structure.  The  lines  are 
dashed  in  regions  where  the  corresponding  transitions  are  weak,  and  are  solid  otherwise. 
Well  beyond  resonance,  the  solid  line  represents  the  transition  to  the  electron  subband 
that  is  localized  mainly  in  the  wide  well.  Its  transition  energy  decreases  quadratically 
with  increasing  bias  due  to  the  QCSE.  The  dashed  line  in  this  region  represents  the  tran¬ 
sition  to  the  electron  subband  localized  (predominantly)  in  the  narrow  well.  The  depen¬ 
dence  of  the  energy  of  this  inter-well  transition  on  applied  bias  is  approximately  linear 
because  of  the  spatial  separation  of  the  hole  and  electron  subband  envelope  functions, 
which  introduces  a  dipole-type  term  into  the  expression  for  the  transition  energy. 

The  quantum-well  waveguide  sample  used32  for  this  study  (sample  919  in  Appendix 
A)  consisted  of  seven  periods  of  the  ACQW  structure  imbedded  in  a  p-i-n  diode.  The 
thicknesses  of  the  layers  that  constitute  one  period  are  as  follows:  8.5-nm  GaAs  wide 
well,  2.1-nm  AlGaAs  barrier,  4.3-nm  GaAs  narrow  well,  and  an  8.5-nm-wide  AlGaAs  bar¬ 
rier  between  the  pairs  of  coupled  wells.  The  cladding  regions  consisted  of  1.5-pm 
Alo.32Gao.8gAs  layers,  doped  n-l-  and  p+  (below  and  above,  respectively)  lo  0.65  pm  from 
the  guiding  (multi-quantum  well)  region.  This  resulted  in  a  single-mode  (planar)  p-i-n 
diode  waveguide  with  a  0.19-pm-thick  core  in  the  center  of  a  1.5-pm-thick  intrinsic 
region.  The  calculated  fill  factor3  T  for  this  system  is  0.148,  or  0.0212  per  well  pair. 

To  make  the  sample,  the  substrate  was  first  thinned  to  approximately  100  pm.  and 
n-  and  p-type  ohmic  contacts  (Au/Sn/Au  and  Au/Cr/Au)  were  deposited  onto  the  bot¬ 
tom  and  top  surfaces,  respectively.  (The  former  was  annealed  at  310  °C  for  30  s,  and  the 
latter  was  not  annealed.)  Then  the  material  was  cleaved  into  600-pm-wide  bars,  and 
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FIG.  10.  Calculated  energies  of  the  lxtx  and  lxe2  transitions  in  an  ACQW  structure  (sam¬ 
ple  919)  with  8.5-nm  and  4.3-nm  GaAs  wells  coupled  by  a  2.1-nm  AlGaAs  barrier,  as 
functions  of  the  applied  electric  field.  Dashed  lines  indicate  weak  absorptions  associa  e 
with  interwell  transitions. 
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individual  diodes  were  formed  by  dicing  with  a  saw.  The  diodes  were  approximately 
150-p.m  wide  (and  can  be  considered  slab  guides  for  the  purpose  of  this  experiment).  The 
reverse-bias  breakdown  voltage  for  the  diodes  used  was  typically  25  V. 

The  measurement  system  consists  of  a  Mach-Zehnder  interferometer  with  a  pair  of 
microscope  objectives  in  one  arm  to  end-fire-couple  the  light  from  an  Ar+-laser-pumped 
Styryl-9M  dye  laser  into  the  cleaved  facet  of  a  planar  ACQW  waveguide  and  to  collimate 
the  emerging  radiation.  The  resulting  interference  pattern  was  detected  by  a  0.3-mm- 
diameter  Ge  photodiode.  The  bias  was  applied  to  the  sample  as  a  500-Hz  square-pulse 
train  with  a  50%  duty  cycle,  and  a  boxcar  averager  was  used  to  separate  the  "bias-on" 
signal  from  the  "bias-off"  signal.  A  PZT  piezoelectric  transducer  was  used  to  move  a  mir¬ 
ror  in  the  reference  arm,  allowing  us  to  simultaneously  trace  several  periods  of  the  two 
interferograms  (with  and  without  bias  applied  to  the  sample). 

Figure  11  shows  a  typical  scan,  with  the  upper  curve  generated  with  no  voltage  on 
the  sample,  and  the  lower  curve  generated  with  -4  V  on  the  sample.  Each  of  the  interfero¬ 
grams  was  analyzed  assuming 

I, :  =  A} +  BjS\n[f(Vr)  +  <j>;]  ,  (3) 

where  j =  1  and  2  correspond  to  the  bias-on  and  bias-off  interferograms,  respectively,  I} 
is  the  measured  light  intensity,  A;  and  are  constants,  f(Vr)  represents  the  phase 
change  in  the  reference  arm  as  a  function  of  the  voltage  Vr  applied  to  the  PZT,  and  <f>; 
are  the  phases  with  voltage  on  (j  =  1)  and  with  voltage  off  (j  =  2).  In  practice,  we  used 
a  fourth-degree  polynomial  for  /( VT)  and  fit  each  pair  of  interferograms  using  the  six  con¬ 
stants  in  Eq.  (3)  (for  j  =  1  and  2)  together  with  the  polynomial  coefficients  as  fitting 
parameters.  In  this  way  we  determined  both  the  phase  shift  (<bj  -  (j)2)  and  the  change  in 
transmission  43  functions  of  the  bias  on  the  sample,  with  the  former  being  deter¬ 

mined  to  an  accuracy  of  better  than  0.5  degrees. 
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FIG.  II.  Interferograms  measured  in  the  Mach-Zehnder  interferometer  with  860-nm- 
wavelength  light.  The  two  scans  are  displaced  due  to  a  phase  shift  obtained  when  4  V 
reverse  bias  is  applied  to  an  ACQW  waveguide  fabricated  from  sample  919. 


The  results  reported  here  were  obtained  with  the  electric  vector  of  the  incident  light 
polarized  perpendicular  to  the  sample  layer  interfaces  (i.e.,  TM-polarized).  With  this 
polarization,  only  light-hole-to-electron  transitions  affect  the  optical  properties  of  the 
guide,5  thus  simplifying  the  interpretation  of  the  observed  phenomena.  In  Fig.  12  we 
show  the  results  of  electro-refraction  and  electro-absorption  measurements  made  at  four 
laser  wavelengths,  corresponding  to  energies  of  45,  60,  84,  and  107  meV,  respectively, 
below  the  zero-bias  energy  of  the  llel  exciton,  which  occurs  at  a  wavelength  of  about  835 
nm.  In  the  phase  shift  data  (a),  a  distinct  feature  is  apparent  (superimposed  on  a  mono- 
tonically  increasing  background)  in  each  of  the  curves  in  Fig.  12,  which  moves  to  higher 
biases  and  becomes  weaker  as  the  wavelength  increases.  The  approximately  quadratic 
shape  of  the  background  is  expected29-31  from  the  QCSE. 

The  features  observed  in  Fig.  12(a)  have  the  general  n derivative-type"  shape 
expected  of  a  discrete  absorption  feature.  Such  absorptions  are  apparent  in  Fig.  12(b), 
which  shows  the  bias-induced  change  in  transmission  through  the  guide.  In  Fig.  13  we 
have  converted  our  phase-shift  and  transmission  data  to  changes  in  the  effective  index  of 
refraction  of  the  waveguide.  Figure  13(a)  shows  the  change  in  the  real  part  of  the  guide 
index,  An,  and  Fig.  13(b)  shows  the  corresponding  change  in  the  imaginary  part  of  the 
guide  index,  AA:.  Figure  13(b)  shows  that  the  electro-absorption  in  the  sample  shows  an 
exciton  plus  band-to-band  character,  but  the  magnitude  of  the  absorption  is  too  weak 
(and  its  dependence  on  wavelength  is  too  strong)  to  be  identified  as  the  usual  intra-well 
light-hole  exciton  associated  with  the  QCSE.  Note  that  the  chirp  parameter  is  strongly 
dependent  on  wavelength  and  bias  in  this  structure,  and  regions  favorable  for  practical 
applications  in  phase  modulation  (An/A/c  >  20)  and  intensity  modulation  (An/AA  <  2) 
are  readily  found  in  Fig.  13.  We  observed  an  intensity  modulation  of  16:1  between  0  and 
7.6  V  reverse  bias  at  a  wavelength  of  861  nm,  with  a  corresponding  chirp  parameter 
An/AJfe  =  1.05. 
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a  function  of  applied  reverse  bias. 
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FIG.  13.  Measured  change  in  the  real  (a)  and  imaginary  (b)  part  of  the  effective 
waveguide  refractive  index  in  sample  919  at  four  different  TM-polarized  laser  wavelengths 
below  the  effective  bandgap  of  the  wide  quantum  well  as  a  function  of  applied  reverse 
bias. 
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The  bias  at  which  the  absorptions  are  observed  in  Fig.  13  is  a  strong  function  of 
wavelength,  and  the  apparent  oscillator  strength  of  the  transition  decreases  with  increas¬ 
ing  laser  wavelength.  These  observations  are  consistent  with  the  hypothesis  that  the 
observed  features  are  associated  with  the  inter-well  (wide-well  hole  to  narrow-well  elec¬ 
tron)  transition,  confirming  the  theoretical  prediction  of  a  significant  oscillator  strength 
for  this  transition  well  beyond  the  avoided  level  crossing.  At  a  given  laser  wavelength, 
the  applied  bias  needed  to  bring  this  transition  into  coincidence  with  the  laser  line  is 
much  smaller  than  that  needed  to  Stark  shift  the  main  wide-well  transition  into  coin¬ 
cidence  with  the  laser. 

We  devised  a  simple  model  of  the  coupled-well  system  that  accurately  reproduces  the 
results  of  more  sophisticated  calculations.23  We  consider  the  interaction  of  the  two 
isolated-well  subbands  through  the  tunnel  barrier  using  the  following  Hamiltonian  for  the 
two-subband  system: 

H  =  H0+  Hx  .  (4) 

In  Eq.  (4),  Hq  is  the  unperturbed  Hamiltonian  for  the  two  isolated  wells, 

Hq  =  Ew\w><w\  +  (En- eFd)\n  >  <n\  ,  (5) 

where  E,  and  |t>  are  the  unperturbed  energies  and  eigenstates  of  the  isolated  wells  (»  = 
w  and  n  correspond  to  the  wide  and  narrow  wells)  and  d  is  the  separation  between  well 
centers.  (The  origin  is  chosen  at  the  center  of  the  wide  well,  but  dipole  terms  correspond¬ 
ing  to  the  choice  of  origin  are  cancelled  out  in  the  total  transition  energy  when  the  hole 
subband  energy  is  added).  Also  in  Eq.  (4),  Hl  is  the  interaction  Hamiltonian  representing 
the  well  coupling, 

H\  ~  +  U><n|)  ,  (6) 

where  A  is  equal  to  the  minimum  splitting  of  the  electron  energy  levels  at  resonance.  The 
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eigenstate  for  the  complete  Hamiltonian  is  written  as 

|tJ/>  =  cw\w>  +  cn\n>  ,  (7) 

and  the  eigenvalues  and  eigenstates  of  the  full  Hamiltonian,  Eq.  (4),  are  determined  by 
solving  =  E\\i  as  a  2  x  2  matrix  equation.  The  unperturbed  electron  energies  Ew,  En 
are  determined  by  fitting  single-band  envelope-function  calculations  for  the  isolated  wells 
to  a  parabolic  form.  (We  also  use  a  parabolic  fit  to  the  wide-well  hole  energies.)  The  cou¬ 
pling  parameter  A  can  be  obtained  either  from  experimental  data  (e.g.,  low-temperature 
photocurrent  data)  or  by  performing  a  full  envelope-function  calculation  for  the  coupled- 
well  system. 

Once  the  full  eigenvalues  and  eigenstates  are  obtained,  the  electro-optical  properties 
of  the  ACQW  system  are  calculated  by  making  a  few  simplifying  assumptions.  First,  the 
overlaps  between  the  wide-well  hole  subband  and  the  two  localized  electron  subbands  are 
taken  to  be  <h\w>  =  1  and  <h|n>  =  0  for  all  values  of  the  electric  field.  Thus,  the 
oscillator  strength  for  a  given  electron-hole  transition  is  proportional  to  the  magnitude  of 
IcJ2  for  that  transition.  In  this  approximation,  all  the  intensity  in  the  inter- well  transi¬ 
tion  comes  from  mixing  the  two  electron  subbands.  Second,  the  excitons  are  assumed  to 
have  a  Lorentzian  line  profile,  with  a  half-width  1%  that  is  independent  of  field.  The 
oscillator  strengths  for  the  excitonic  transitions  are  assumed  to  be  proportional  to  the 
corresponding  band-to-band  transitions,  and  the  exciton  binding  energies  are  assumed  to 
be  independent  of  field.  The  line  shape  for  a  band-to-band  transition  is  given  by  the 
integral  over  energy  of  a  Lorentzian: 
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where  E0  is  the  energy  of  the  subband  edge  of  interest  and  T4  is  the  Lorentzian  half¬ 
width.  Generally,  we  chose  T4  =  2rg.  The  choice  of  Lorentzian  functions  for  the  exciton 
line  shape  and  in  Eq.  (8)  tends  to  overestimate  the  amount  of  absorption  well  below  the 
gap,  but  the  details  of  the  electro-refraction  are  not  very  sensitive  to  the  choice.  Since  the 
absorption  coefficient  and  the  refractive  index  are  related  by  a  Kramers-Kronig 
transform,  the  change  in  refractive  index  is  calculated  for  each  exciton  and  each  band-to- 
band  transition  by  using  the  integral  in  Eq.  (1),  which  can  be  performed  analytically  for 
both  the  band-to-band  and  excitonic  functions. 

Results  of  the  calculations  for  the  experimental  sample  are  shown  in  Fig.  14,  where 
we  have  chosen  a  light-hole  exciton  binding  energy  of  12  meV,  an  exciton  half-width  of  5 
meV,  and  a  minimum  splitting  A  of  9.7  meV  (following  the  PC  results  of  Section  III.B). 
The  electro-refraction  is  almost  totally  dominated  by  excitonic  contributions;  calculations 
performed  without  the  band-to-band  contribution  to  the  index  differed  little  from  Fig.  14. 
Comparison  of  the  electro- refraction  calculations  with  the  experimental  result  for  An  as  a 
function  of  applied  bias  (Fig.  13)  shows  that  the  calculations  agree  at  least  semi- 
quantitatively  with  the  data  and  support  the  suggested  interpretation.  The  calculated 
results  turn  out  to  be  somewhat  sensitive  to  the  choices  of  Tg  and  A,  and  perhaps  one 
could  obtain  better  agreement  by  adjusting  these  parameters  somewhat.  However,  con¬ 
sidering  that  we  have  left  out  several  effects  (including  field  dependence  of  the  exciton 
binding  energy  and  width),  the  agreement  is  quite  good. 
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FIG.  14.  Calculated  change  in  the  real  part  of  the  refractive  index  for  sample  919  as  a 
function  of  electric  field  for  the  four  laser  wavelengths  used  in  the  experiment.  Calcula¬ 
tions  were  performed  assuming  a  light-hole  exciton  binding  energy  of  12  meV,  an  exciton 
half-width  f.  of  5  meV,  and  a  minimum  splitting  A  =  9.7  meV  of  the  two  electron  states. 


As  in  the  QCSE,  the  inter-well  transition  associated  with  the  ACQW  structure 
causes  both  a  direct  electro-absorption  and  a  related  electro-refractive  effect.  Both  may 
be  exploitable  in  electro-optic  devices.  This  transition  has  two  properties  that  are  advan¬ 
tageous  over  the  QCSE.  First,  the  details  of  the  transition  are  controlled  by  the  geometry 
of  the  coupled-well  system  and  as  a  result  can  be  altered  substantially  by  a  simple  change 
in  the  coupled-well  structure.  Second,  for  all  voltages  higher  than  that  needed  to  bring 
the  electron  subbands  into  resonance,  the  energy  of  the  transition  is  lower  than  that  of 
the  Stark-shifting  wide-well  transition.  Thus,  the  inter-well  transition  causes  electro¬ 
absorption  and  electro-refraction  that  are  similar  in  nature  to  those  caused  by  the  QCSE, 
but  they  occur  at  lower  applied  voltages  for  operating  wavelengths  that  are  nominally 
well  below  the  band  edge  of  the  quantum  wells.  Since  the  transition  is  spatially  indirect, 
the  presence  of  a  large  number  of  carriers  can  produce  a  depolarization  field  that  would 
reduce  the  potential  difference  between  the  wells.  As  a  result,  as  is  analogous  with  a  n-i- 
p-i  device,33  the  inter-well  transition  may  be  optically  controllable  with  above-bandgap 
radiation. 


-37- 


IV,  RESULTS  FOR  InGaAs/InAlA*  STRUCTURES 


A.  GROWTH  OF  InGaAa  and  InAlAs  ON  InP  SUBSTRATES 

In  this  section,  we  describe  the  steps  taken  to  optimize  the  quality  and  reproducibil¬ 
ity  of  InGaAs  and  InAlAs  grown  by  MBE  on  InP  substrates.  This  is  the  material  system 
from  which  we  fabricated  MQW  waveguides  for  intensity  and  phase  modulators  operating 
at  1.55  p.m.  Since  coming  on  line  at  the  end  of  May  1988,  our  new  Varian  GEN-II  MBE 
machine  has  been  used  extensively  to  grow  InGaAs/InAlAs  structures.  It  has  many 
features  that  make  it  better  suited  to  grow  these  materials  than  the  Physical  Electronics 
PHI-425B  MBE  machine  used  for  the  GaAs/AlGaAs  growths.  For  example,  the  design  of 
the  substrate  heater  leads  to  a  very  uniform  temperature  distribution  across  the  surface  of 
the  substrate.  This  is  critical  since  the  rate  of  In  desorption  from  the  wafer  surface 
depends  strongly  on  substrate  temperature  in  the  temperature  range  for  which  material 
quality  is  optimum.  Consequently,  if  the  substrate  temperature  were  nonuniform,  both 
the  In  mole  fraction  and  the  thicknesses  of  the  InGaAs  and  InAlAs  layers  would  vary  con¬ 
siderably  across  the  wafers.  This  was,  in  fact,  the  case  in  our  preliminary  growth  studies 
of  these  compounds  in  the  PHI  machine. 

In  contrast  to  the  PHI  MBE,  the  Varian  machine  has  a  nude  ion-gauge  flux  monitor 
mounted  on  the  substrate  holder  that  can  be  rotated  into  the  substrate  position  and  used 
to  precisely  set  the  beam  fluxes  of  each  of  the  group  III  constituents  (In,  Ga,  Al)  prior  to 
conducting  each  day’s  growths.  The  most  accurate  and  reproducible  flux  measurements 
were  obtained  by  warming  the  group  III  cells  up  to  growth  temperature  early  each  day 
and  allowing  them  to  stabilize  for  approximately  two  hours  prior  to  conducting  the  flux 
measurements.  The  measurements  were  conducted  in  the  absence  of  an  As4  background 
pressure,  i.e.,  the  As4  cell  was  not  warmed  up  until  the  measurements  were  complete.  An 
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initial  measurement  was  taken  for  each  group  III  cell  by  opening  its  shutter  and  waiting 
several  minutes  until  transients  died  out  and  the  flux  was  truly  stabilized.  The  measured 
flux  was  compared  to  the  desired  value,  and  an  appropriate  correction  to  each  cell  tem¬ 
perature  was  applied  based  on  the  result.  After  an  additional  15-minute  wait,  the  fluxes 
were  measured  again;  this  process  was  iterated  until  the  desired  fluxes  were  obtained  for 
each  constituent. 

In  order  to  obtain  lattice  match  to  InP  substrates  in  the  ternary  semiconductors 
InxGai_2As  and  InyAlj_yAs,  the  indium  mole  fractions  must  be  maintained  close  to  the 
lattice-match  values  (x=0.53,  y=0.52)  throughout  the  growth.  If  the  In  mole  fractions 
deviate  by  more  than  a  few  percent  from  lattice  match,  the  strain  resulting  from  the  lat¬ 
tice  mismatch  between  the  epilayer  and  the  substrate  will  generate  threading  dislocations 
that  can  seriously  degrade  the  electrical  and  optical  quality  of  the  material.  Therefore, 
the  ability  to  accurately  provide  absolute  calibrations  for  each  of  the  group  III  fluxes  is 
essential. 

We  have  developed  a  technique  for  absolute  flux  calibration  that  uses  x-ray 
diffraction  (XRD)  measurements  on  superlattices  (alternating  layers  of  two  different  sem¬ 
iconductors)  to  calibrate  the  flux  monitor  for  each  group  III  cell.  X-ray  diffraction  is  com¬ 
monly  used  to  determine  the  lattice  constant  of  homogeneous  epilayers  and  to  verify 
lattice-match  to  the  substrate.  Additional  features  (sidelobes)  appear  in  the  diffraction 
spectrum  of  a  superlattice  because  the  Bragg-reflection  conditions  can  be  satisfied  by  the 
periodicity  of  the  superlattice.  The  separation  (in  angle)  of  the  sidelobes  from  the 
atomic-lattice  features  depends  inversely  on  the  period  of  the  superlattice  and  can  be  used 
as  a  very  accurate  measure  of  the  sum  of  the  thicknesses  of  the  two  constituents  of  the 
superlattice.  The  position  of  the  atomic-lattice  feature  (which  ideally  coincides  with  the 
substrate  feature)  can  be  used  to  determine  the  relative  concentrations  of  the  group  III 
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constituents.  These  two  measurements  give  an  accurate  determination  of  the  growth 
rates  and,  when  compared  with  readings  taken  before  the  growth,  serve  to  calibrate  the 
flux  monitor. 

As  applied  to  the  InGaAs/InAlAs  system  on  InP,  our  calibrations  were  obtained  by 
growing  single  layers  of  InGaAs  or  InAlAs  on  InP  and  analyzing  them  using  standard 
XRD  techniques  to  obtain  the  In  mole  fraction  in  each  compound.  An  additional 
InGaAs/InAlAs  growth  was  then  analyzed  by  XRD  as  discussed  above  to  establish  the 
overall  growth  rate.  In  practice,  each  of  the  InGaAs/InAlAs  MQW  samples  grown  for 
this  contract  contained  a  superlattice  that  was  sufficiently  thick  to  analyze  using  XRD. 
(This  superlattice  consisted  of  the  MQW  regions  themselves  for  the  samples  characterized 
with  photocurrent  measurements  and  superlattice  cladding  layers  for  the  waveguide  sam¬ 
ples.)  Thus,  we  were  able  to  monitor  the  absolute  growth  rate  on  a  day-to-day  basis  while 
growing  samples  for  the  contract. 

In  addition  to  the  stability  and  reproducibility  of  the  group  III  beam  fluxes  and  sub¬ 
strate  temperature,  the  primary  variables  of  interest  in  optimizing  the  quality  of  InGaAs 
and  related  compounds  are  the  overall  growth  rate,  the  value  of  the  growth  temperature, 
and  the  ratio  of  the  group  V  (As4)  and  group  III  fluxes.  We  narrowed  considerably  the 
range  of  choices  for  each  of  these  quantities  by  relying  on  published  results34  concerning 
growth  of  these  compounds.  Our  initial  efforts  in  this  material  system  were  conducted  on 
the  PHI  MBE.  During  this  time  we  conducted  experiments  to  determine  the  range  of 
good  growth  temperatures  by  growing  a  series  of  l-p,m-thick  InGaAs  layers  and  charac¬ 
terizing  them  by  measuring  the  full  width  at  half-maximum  of  the  epilayer  Bragg  peak 
obtained  via  XRD.  In  this  way,  we  determined  that  good  quality  epilayers  could  be 
obtained  consistently  by  growing  at  a  substrate  temperature  of  520°C.  The  growth  rate 
for  films  grown  on  the  PHI  machine  was  0.6-0. 8  (xm/hr  with  an  As2  source.  We  tried 
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growing  our  initial  films  on  the  Varian  MBE  at  1.2  (xm/hr  with  an  As4  source  and  their 
quality  was  even  better  than  those  obtained  ou  the  PHI  MBE.  With  the  As4  source,  we 
set  the  group  V/group  III  ratio  in  the  range  of  5:1  to  6:1,  consistent  with  previous 
reports.34 

The  morphology  of  films  grown  under  these  conditions  was  consistently  excellent. 
Hall  effect  measurements  showed  that  the  background  carrier  concentration  in  the 
InGaAs  layers  was  5-7  x  1015/cm3,  which  is  excellent  for  this  system.  Hall  measurements 
on  the  InAlAs  films  showed  complete  depletion  of  1-p.m- thick  films,  indicating  either  a 
very  low  background  density  (<  1016)  or  semi-insulating  films.  Rather  than  characterize 
the  optical  quality  using  PL  as  we  attempted  to  do  in  our  earlier  efforts  to  grow  good 
InGaAs,  we  decided  to  use  the  quality  of  the  quantum-well  structures  themselves  as  the 
most  relevant  indicator,  with  the  intent  of  changing  the  growth  conditions  if  poor  results 
were  obtained.  This  turned  out  to  be  unnecessary. 

The  MQW  samples  grown  for  the  contract  contain  quantum  wells  embedded  in  a  p- 
i-n  diode,  which  must  have  low  leakage  currents  for  reverse  biases  of  10-20  V.  In  order  to 
establish  the  suitability  of  our  InGaAs/InAlAs  material  for  such  applications,  we  grew 
two  InGaAs  and  two  InAlAs  p-i-n  diodes  (with  no  quantum  wells)  with  the  In  mole  frac¬ 
tion  within  0.04  of  the  lattice-match  values.  The  layer  thicknesses  were  0.25-p.m  n-type, 
0.5-p.m  intrinsic,  and  0.25-p.m  p-type.  These  samples  were  processed  into  250-p.m  diame¬ 
ter  mesas  with  ohmic  contacts  made  to  the  n-type  substrate  (Au/Sn/Au,  annealed  at 
310°C  for  30  s)  and  to  the  p-type  mesa  tops  (Au/Cr/Au,  unannealed).  Figure  15  shows 
the  current-vs-voltage  (I-V)  characteristic  for  one  of  the  InGaAs  '  iodes.  The  forward-bias 
characteristic  is  excellent.  However,  for  reverse  biases  larger  than  about  2  V,  the  I-V 
characteristic  exhibits  a  plateau  in  the  leakage  current  (saturating  at  about  1  mA). 
Reverse-bias  breakdown  occurs  at  16-17  V.  We  do  not  know  the  origin  of  the  plateau  at 
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this  time.  Figure  16  shows  the  I-V  characteristic  for  one  of  the  InAlAs  diodes,  which 
shows  good  forward-  and  reverse-bias  characteristics.  (Reverse-bias  leakage  currents  are 
negligible  until  breakdown  at  30-32  V).  Because  the  intrinsic  regions  of  the  waveguide 
phase-shifter  samples  are  composed  primarily  of  InAlAs  (with  a  substantial  amount  of 
InGaAs  only  in  the  quantum-well  layers),  we  expected  that  Fig.  16  would  be  more 
representative  of  the  I-V  characteristics  of  the  MQW  waveguides.  This  expectation  was 
borne  out  by  the  actual  results  obtained  in  all  our  InGaAs/InAlAs  MQW  samples. 

B.  PHOTOCURRENT  STUDIES  OF  InGaAs/InAlGaAa  ACQW  SAMPLES 

Having  determined  optimum  growth  conditions  for  single  epilayers  of  InGaAs  and 
InAlAs  on  InP  on  the  new  MBE  system,  we  grew  a  few  structures  containing  many  (40-60) 
quantum  wells.  The  undoped  QW  structures  in  these  samples  are  relatively  thick  (by  the 
standards  of  the  GaAs/AlGaAs  samples  discussed  above)  and  could  (in  principle)  be 
plagued  with  the  same  problems  (nonlinearities,  nonuniform  fields)  discussed  in  Sections 
II  and  III.  Our  intent  was  to  characterize  the  quality  of  the  InGaAs  quantum  wells  at  zero 
field  (room-temperature  exciton  peak  width,  for  example)  and  also  to  obtain  direct  experi¬ 
mental  information  on  the  effective  bandgap  (energy  of  the  hlel  transition)  of  the  QW 
system  for  typical  well  widths.  The  structures  were  grown  in  p-i-n  diodes  to  permit  us  to 
determine  the  electrical  diode  characteristics,  in  anticipation  of  growing  QW  waveguides 
with  much  thinner  intrinsic  regions. 

Nevertheless,  these  samples  turned  out  to  be  among  the  best  InGaAs  structures 
grown  for  the  contract.  In  spite  of  the  relatively  thick  intrinsic  regions  in  the  samples,  the 
quantum-well  features  remained  sharp  over  a  wide  range  of  applied  biases,  as  determined 
by  room-  and  low-temperature  PC  measurements,  and  there  was  no  evidence  of 
significant  nonuniformities  in  the  fields.  The  low  background  doping  in  these  samples 
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FIG.  16.  Current- voltage  (I-V)  characteristic  for  an  InAlAs  p-i-n  diode  grown  on  InP. 
This  sample  (and  the  MQW  samples  discussed  later)  does  not  have  the  leakage-current 
problem  shown  in  Fig.  15. 


(which  is  most  likely  responsible  for  the  field  uniformity)  is  tne  result  of  two  factors:  (a) 
the  growth  chamber  of  our  new  MBE  system  is  extremely  clean  (base  pressure  <  3x  10-l° 
Torr  with  the  As  cell  cold)  and  therefore  there  is  little  carbon  available  for  incorporation 
during  growth,  and  (b)  we  used  an  ultra-pure  In  source  (99.99995  %  purity).  In  earlier 
growths  on  our  old  MBE  system,  a  less  pure  In  source  was  used  that  was  found  to  be  con¬ 
taminated  with  sulfur,  which  is  an  n-type  dopant  in  InGaAs.  Alternative  explanations  for 
the  lack  of  substantial  background  doping  are  that  (a)  deep  levels  are  trapping  the  free 
carriers  or  (b)  there  is  accidental  cancellation  of  p-  and  n-type  doping  arising  from  C  and 
S,  respectively.  We  believe  that  neither  of  these  alternatives  is  consistent  with  the  good 
quality  of  the  room-  and  low-temperature  excitons  observed  in  the  samples,  however. 

Apparently  it  is  possible  to  obtain  excellent  quantum-well  structures  with  a  degree  of 
lattice  mismatch  that  we  originally  considered  unacceptable.  In  Fig.  17  we  show  a 
single-crystal  XRD  spectrum  (004  reflection)  for  sample  EO-72  (described  below)  in  the 
vicinity  of  the  InP  substrate  peak.  The  three  sets  of  peaks  shown  correspond  to  the  InP 
substrate,  the  QW  structure  itself  (with  the  observed  peaks  being  associated  with  a 
weighted  average  of  the  InGaAs  and  InAlAs  lattice  constants),  and  the  thick  InAlAs 
buffer.  The  compositional  mismatch  of  the  InAlAs  relative  to  the  InP  substrate  is  about 
3%  (In  lean),  whereas  the  InGaAs  is  lattice  matched.  (The  InGaAs  lattice  constant  was 
determined  primarily  from  a  companion,  thick  InGaAs  sample  grown  following  the  QW 
sample,  but  it  can  also  be  deduced  from  the  effective  lattice  constant  of  the  QWs  deter¬ 
mined  from  Fig.  17.) 

By  studying  bias-induced  shifts  in  both  coupled  and  uncoupled  well  structures  with 
room-  and  low-temperature  PC  spectroscopy,  we  have  shown  that  ACQWs  can  overcome 
many  of  the  limitations35  of  the  QCSE  as  applied  to  phase  and  intensity  modulators  at 
the  optimum  fiber-optic  wavelengths,  1.3  and  1.55  p.m.  The  primary  difficulty  in 
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FIG.  17.  Single-crystal  x-ray  diffraction  spectrum  of  an  InGaAs/InAlAs  ACQW  sample 
(EO-72)  in  the  vicinity  of  the  [004]  InP  substrate  reflection.  Three  sets  of  peaks  are 
observed,  corresponding  to  the  substrate,  the  SL  region  (which  for  this  ssmple  is  the 
coupled-quantum-well  region),  and  a  thick  InAlAs  buffer.  Despite  the  somewhat  large  lat¬ 
tice  mismatches  in  this  sample,  its  optical  quality  is  excellent. 


-46- 


applying  the  QCSE  to  such  devices  is  that  its  strength  depends  strongly  on  the  widths  of 
the  quantum  wells  and  is  very  small  for  the  relatively  thin  (~  3-8  nm)  wells  required  for 
operation  at  these  wavelengths.  Our  results38  show  that  the  shifts  in  the  excitonic  absorp¬ 
tion  peaks  in  the  ACQW  structure  are  large  even  for  low  biases. 

The  InGaAs/InAlAs  MQW  samples  studied  for  the  contract  were  grown  on  n+  sub¬ 
strates.  The  layer  sequence  for  the  samples,  starting  from  the  InP  substrate,  is  as  follows: 
0.35-p.m  n+  (—  2  Si)  InAlAs,  0.15-p.m  undo*  1  InAlAs,  0.7-p.m  undoped 

MQW  region,  0.15-p.m  undoped  InAlAs,  0.2-p.m  p+  (~  2  x  1018/cm3  Be),  and  a  20-nm  p  + 
InGaAs  contact  layer.  The  total  thickness  of  the  intrinsic  region  is  1.0  p.m.  The  control 
sample’s  MQW  region  has  40  periods  of  a  7.5-nm  InGaAs  well  plus  a  10.0-nm  InAlAs  bar¬ 
rier  (sample  EO-64  in  Appendix  A).  For  the  ACQW  sample  (EO-72),  the  MQW  region 
consists  of  29  periods  of  the  following  structure:  a  5.0-nm  InGaAs  well,  a  1.6-nm  InAlAs 
barrier,  a  7.5-nm  InGaAs  well,  and  a  10.0-nm  InAlAs  barrier. 

Pieces  of  the  wafer  were  polished  mechanically  on  the  back  to  remove  the  indium¬ 
mounting  solder  and  to  provide  a  smooth  surface  onto  which  an  n-type  (Au/Sn/Au) 
ohmic  contact  was  evaporated  and  annealed  (by  rapid  thermal  annealing)  at  310  °C  for  30 
s.  An  array  of  non-annealed  p-type  (Au/Cr/Au)  ring  contacts  was  evaporated  onto  the 
top  surface,  and  250-p.m-diameter  mesas  were  defined  by  etching  down  to  the  InP  sub¬ 
strate  with  a  9:1:1  mixture  of  H20,  H202,  and  H3P04,  which  is  a  highly  selective  etch  for 
both  InGaAs  and  InAlAs  over  InP. 

The  photocurrent  experiments  were  performed  as  described  previously,  except  that 
the  spectrometer  was  purged  with  N2  gas  to  minimize  the  effects  of  atmospheric  absorp¬ 
tion  lines  that  occur  at  about  1.4-p.m  wavelength.  For  the  low-temperature  measure¬ 
ments,  where  the  primary  absorption  lines  of  interest  overlap  the  atmospheric  absorp¬ 
tions,  we  divided  the  recorded  photocurrent  spectra  by  the  spectrum  of  a  Ge  photodiode 
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measured  with  the  same  apparatus. 

Figure  18  shows  the  room-temperature  PC  spectra  of  the  control  sample  (EO-64)  for 
reverse  biases  of  0,  3,  6,  and  9  V.  The  "noise"  at  about  0.9  eV  arises  from  the  atmos¬ 
pheric  absorptions  discussed  above.  Note  that  the  /i x e x  (a)  and  llel  excitons  (b)  exhibit 
small  Stark  shifts  that  vary  quadratically  with  applied  bias.  The  magnitudes  of  the 
observed  shifts  in  this  sample  are  consistent  with  single-band  envelope-function  calcula¬ 
tions,  indicating  high-quality  quantum  wells  with  low  deep-level  and  background  doping 
densities.36 

In  Fig.  19,  we  show  the  room-temperature  PC  spectra  for  the  ACQW  sample  (EO- 
72)  at  the  same  biases  as  in  Fig.  18.  Because  of  the  thin  barrier,  the  coupling  in  this  sam¬ 
ple  is  very  strong,  and  small  changes  in  the  applied  bias  produce  significant  changes  in  the 
photocurrent  spectra.  For  example,  at  3-V  reverse  bias,  the  exciton  is  shifted  by 
almost  4  meV  from  its  zero-bias  energy,  and  a  new  transition  is  seen  at  about  0.88  eV. 
The  resonance  and  avoided-level  crossing  of  the  tx  and  e2  electron  subbands  occurs  at 
about  5-V  reverse  bias.  Beyond  resonance,  the  inter-well  transition  discussed  in  Section 
III  persists  over  a  wide  range  of  applied  biases  and  is  easily  observable  at  room  tempera¬ 
ture  [see,  e.g.,  the  shoulder  labeled  (a)  in  the  9-V  spectrum  of  Fig.  19],  which  has  shifted 
by  about  30  meV  from  its  zero-bias  energy.  Comparison  of  Figs.  18  and  19  clearly  shows 
that  the  features  observed  in  the  ACQW  sample  arise  from  coupling  between  the  wells. 
(Note  that  the  zero-bias  heavy-hole  peak  occurs  at  slightly  lower  energy  in  sample  EO-64 
than  in  sample  EO-72.  This  discrepancy  can  be  accounted  for  by  a  difference  in  the  In 
mole  fraction  of  0.015  in  the  InGaAs  layers  of  the  two  samples.) 

Figure  20  shows  the  low-temperature  (8  K)  PC  spectra  of  sample  EO-72  for  applied 
reverse  biases  of  0,  3.5,  5,  6.5,  and  10  V.  Dramatic  effects  of  level  splittings  associated 
with  the  coupling  between  quantum  wells  can  be  seen  at  iow  temperature,  particularly 
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FIG.  18.  Room-temperature  photocurrent  spectra  of  a  control  sample  (sample  EO-64) 
containing  40  periods  of  7.5-nm  InGaAs  quantum  wells  separated  by  10.0-nm  InAlAs  bar¬ 
riers,  for  several  values  of  reverse  bias.  Transitions  are  labeled  as  follows:  (a)  -  hlel  and 
(b)  -  / j « j.  The  "noise”  in  the  spectra  at  about  0.9  eV  is  due  to  atmospheric  absorption. 
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FIG.  19.  Room- temperature  photocurrent  spectra  of  an  ACQW  sample  (EO-72)  contain¬ 
ing  29  periods  of  7.5-  and  5.0-nm  InGaAs  quantum  wells  coupled  by  a  1.6-nm  InALAs  bar¬ 
rier,  for  several  values  of  reverse  bias.  The  transitions  are  labeled  as  in  Fig.  18,  with  the 
addition  of  (c)  -  hleJ  and  (d)  -  /leJ.  Beyond  resonance,  klel  is  an  inter-well  transition. 
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FIG.  20.  Low-temperature  (8  K)  photocurrent  spectra  of  sample  EO-72  for  several  values 
of  reverse  bias.  The  transitions  are  labeled  as  in  Figs.  18  and  19,  with  the  addition  of  (e)  - 

/»2«2>  (f)  -  l2*2’  (?)  -  h2el<  0)  -  l2el>  and  (>)  *  *3«l- 
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near  the  resonance  field  (see,  e.g.,  the  5-V  spectrum  in  Fig.  20).  Beyond  resonance,  the 
inter-well  transition,  h1e1,  is  the  lowest-energy  optical  transition  supported  by  the  sys¬ 
tem,  and  it  can  be  observed  for  biases  well  beyond  resonance  (see,  e.g.,  the  10-V  spectrum 
in  Fig.  20). 

Figure  21  shows  the  peak  energies  (symbols)  of  several  low-temperature  excitonic 
transitions  as  a  function  of  applied  bias.  The  solid  (heavy  holes)  and  dashed  (light  holes) 
lines  show  the  calculated  energies  of  transitions  that  are  expected  to  have  significant  oscil¬ 
lator  strengths  in  the  0.8-to-1.05-eV  range  in  the  ACQW  system.  The  following  material 
parameters  were  assumed  for  the  calculations:36  for  InGaAs,  me  =  0.041,  mlh  —  0.0516, 
mhh  =  0.377;  for  InAlAs,  me  =  0.075,  mlh  —  0.085,  and  mhh  =  0.57.  The  valence-  and 
conduction-band  offsets  were  taken  as  224  and  523  meV,  respectively.  In  the  calculations, 
the  relationship  between  electric  field  and  applied  bias  is  determined  by  assuming  a 
built-in  potential  of  0.6  V  (determined  from  room-temperature  capacitance-voltage  meas¬ 
urements)  and  a  total  intrinsic-layer  thickness  of  1.0  p.m. 

A  brief  digression  on  the  theoretical  calculations  is  in  order  here.  The  original 
theoretical  calculations  performed  on  the  InGaAs  system  (and  for  all  the  GaAs  structures 
discussed  in  Section  III)  assumed  that  the  observed  energy  levels  in  the  system 
corresponded  to  true  bound  states,  i.e.,  that  the  electron  and  hole  wave-functions  decayed 
exponentially  away  from  the  quantum  wells.  In  reality,  as  soon  as  a  field  is  applied,  the 
quantum-well  subbands  are  no  longer  bound  states  since  there  is  a  finite  probability  of 
field-assisted  tunneling  out  of  the  quantum  wells  and  into  the  continuum.  Previously  this 
assumption  caused  no  problems  in  practice,  since  the  tunneling  rate  was  very  small  and 
the  quantum-well  subbands  are  "quasi-bound"  states.  However,  our  first  calculations  for 
the  InGaAs  systems  showed  significant  disagreement  with  experiment,  particularly  for  the 
excited  light-hole  subbands  at  high  reverse  biases.  We  resolved  the  problem  by  using  a 
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FIG.  21.  Calculated  and  observed  (at  8  K)  transition  energies  as  functions  of  applied 
reverse  bias  for  sample  EO-72.  Transitions  are  labeled  as  in  Figs.  18-20.  Solid  lines  indi¬ 
cate  heavy-hole  transitions,  and  dashed  lines  are  light-hole  transitions. 


method  in  which  the  quantum-well  system  is  treated  as  a  scattering  problem.37 
Specifically,  one  looks  for  resonances  in  the  phase  shift  in  the  scattered  wave  resulting 
when  an  electron  (or  hole)  is  incident  on  the  quantum-well  system.  This  method  was  used 
to  obtain  the  theoretical  results  shown  in  Fig.  20.  It  agrees  with  the  bound-state  method 
when  field- assisted  tunneling  is  small,  and  has  the  additional  advantage  of  giving  the 
width  of  the  scattering  resonance  (and  therefore  the  tunneling  contribution  to  the  life¬ 
time)  when  tunneling  is  non-negligible. 

The  electron  subbands  ej  and  e2  come  into  resonance  at  about  5-V  reverse  bias,  and 
transitions  between  the  isolated  heavy-hole  subbands  hl  and  h2  (localized  in  the  wide  and 
narrow  wells,  respectively)  to  this  coupled  pair  are  apparent  over  a  wide  range  of  biases  in 
Fig.  21.  We  could  not  follow  the  corresponding  light-hole  transitions  over  the  entire  bias 
’a age  since  these  transitions  are  weaker  and  broader  than  the  heavy-hole  transitions. 
Beyond  the  electron-subband  resonance,  we  predict  an  avoided-level  crossing  of  the  1*  and 
l3  hole  subbands  (at  about  12-14  V),  but  the  experimentally  observed  feature  in  this 
region  is  very  broad  and  cannot  be  resolved  into  two  transitions  (see  the  ferture  labeled 
(h+i)  in  the  10-V  spectrum  in  Fig.  20).  Agreement  between  theory  and  experiment  is 
entirely  satisfactory,  considering  that  the  material  parameters  are  not  as  well  established 
for  the  InGaAs/InAlAs  system  as  for  the  GaAs/AlGaAs  system.  Calculations  (not 
shown)  for  the  higher-energy  transitions  of  the  ACQW  system  do  not  agree  as  well  with 
the  experimental  data  (probably  because  we  have  neglected  nonparabolicity  in  the  con¬ 
duction  band),  and  so  positive  identification  of  these  transitions  is  not  possible  at  present. 

To  summarize  our  work  on  photocurrent  spectroscopy  in  the  InGaAs/InAlAs 
quantum-well  system,  we  have  shown  that  it  is  possible  to  obtain  large  shifts  in  the  ener¬ 
gies  of  excitonic  transitions  in  ACQW  coupled-quantum-well  structures  containing  rela¬ 
tively  thin  wells,  in  which  the  normal  QCSE  is  weak.  Our  results  for  the  energies  of 
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several  excitoaic  transitions  involving  the  coupled  pair  of  electron  subbands  associated 
with  the  two  wells  are  in  excellent  agreement  with  calculations  performed  using  a  scatter¬ 
ing  phase-shift  method.  This  agreement  gave  us  confidence  in  the  use  of  our  theoretical 
models  to  design  InGaAs/InAlAs  ACQW  waveguides  that,  as  we  show  below,  produce 
significantly  enhanced  optical  intensity  and  phase  modulation  in  comparison  with 
uncoupled-well  modulators  based  on  the  QCSE. 

C.  ELECTRO-ABSORPTION  AND  ELECTRO-REFRACTION 
IN  InGaAs/InAlAs  ACQW  WAVEGUIDES 

Previous  work  on  long-wavelength  quantum-well  electro-optic  modulators  indicated 
much  more  promising  results  for  InGaAs/InP  than  for  InGaAs/InAlAs  structures. 
Electro-absorption  data38  for  the  InGaAs/InAlAs  waveguide  structures  showed  a  very 
small  QCSE  and  substantial  broadening  of  the  excitonic  transitions,  attributed  to  a  high 
background  impurity  concentration.  Consequently,  the  observed  phase  shifts  in 
InGaAs/InAlAs  quantum-well  waveguides  were  relatively  weak,38  and  their  dependence 
on  bias  was  inconsistent  with  theoretical  expectations  based  on  the  QCSE.  On  the  other 
hand,  work  on  the  InGaAs/InP  MQW  system  has  shown  effective  phase  modulation  based 
on  the  QCSE.40’41  In  this  latter  work,  phase-shift  measurements  were  made  with  light 
propagating  normal  to  the  MQW  layers  in  samples  containing  3-nm  wells40  and  10-nm 
wells.41  In  the  3-nm-well  sample,  the  operating  wavelength  was  1 .5  pm,  but  the  magni¬ 
tude  of  the  QCSE  and  the  corresponding  electro- refr?r*ion  were  small,  as  expected  from 
the  narrow  quantum  wells.  Large  electro-refraction  was  observed  in  the  10-nm-well  sam¬ 
ple,  although  in  this  case  the  operating  wavelength  was  1.7  pm. 

As  a  result  of  our  work  on  the  contract,  we  can  now  show42  that  (a)  it  is  possible  to 
obtain  electro-absorption  and  electro-refraction  effects  in  InGaAs/InAlAs  MQW 
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structures  that  are  in  good  agreement  with  theoretical  predictions,  and  (b)  the  use  of 
ACQW  structures  in  this  material  system  leads  to  substantial  improvements  in  the  phase 
and  intensity  modulation  characteristics  observed  in  the  wavelength  region  of  interest  for 
fiber-optic  applications.  We  attribute  the  former  to  several  factors  (discussed  in  detail 
above),  primarily  the  use  of  an  ultra-high-purity  In  source  and  the  ability  to  reproducibly 
attain  optimum  growth  conditions.  As  a  result,  we  have  been  able  to  reproducibly  grow 
InGaAs/InAlAs  MQW  waveguide  structures  with  well-defined  room-temperature  excitons 
and  low  concentrations  of  background  impurities.  As  we  show  below,  the  use  of  ACQW 
structures  allows  us  to  obtain  substantial  shifts  in  the  excitonic  absorption  features  in  a 
wavelength  range  favorable  for  operation  of  devices  at  1.55  p,m.  This  is  not  possible  for 
QCSE-based  devices,  since  the  well  widths  required  for  operation  at  1.55  p.m  are  too  small 
to  obtain  a  substantial  QCSE. 

The  samples  grown  for  waveguide  electro-absorption  and  electro-refraction  studies 
contain  the  following  layer  sequence,  grown  on  n+  InP  substrates:  a  0.65-p.m  n+  superlat¬ 
tice,  consisting  of  65  periods  of  8.5-nm  InAlAs  and  1.5-nm  InGaAs  layers;  a  0.35-p.m 
undoped  superlattice;  a  0.3-p.m  MQW  region;  another  0.35-p.m  undoped  superlattice,  a 
0.65-p.m  p+  superlattice,  and  a  20-nm  p+  InGaAs  contact  layer.  Thus,  the  waveguides 
have  a  0.3-p.m  core  with  1.0-p.m  cladding  on  either  side.  For  the  present  studies,  four 
ACQW  waveguides  were  grown  (EO-74,  EO-75,  EO-76,  and  EO-79);  EO-75  was  chosen 
for  detailed  studies  since  its  layers  were  closest  to  lattice  match  with  the  InP  substrate, 
although  differences  in  optical  quality  among  the  four  samples  were  minimal.  In  EO-79, 
the  superlattice  cladding  was  replaced  with  thick  InAlAs,  but  its  doping  profile  was  the 
same  as  the  other  samples,  and  its  optical  properties  were  very  similar.  In  the  ACQW 
samples,  the  MQW  region  consisted  of  13  periods  of  a  5.0-nm  InGaAs  well,  a  1.6-nm  InA¬ 
lAs  barrier,  a  7.5-nm  well,  and  a  10.0-nm  InAlAs  layer  separating  well  pairs.  The  order¬ 
ing  of  the  wells  is  such  that  an  applied  reverse  bias  brings  the  lowest  electron  subbands  of 
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the  two  wells  through  resonance.  A  control  sample,  EO-77,  was  grown,  which  contained 
only  uncoupled  7.5-nm  wells  with  16.6-nm  barriers  and  with  the  same  number  of  periods 
as  the  ACQW  samples.  The  intrinsic  region  was  1.0-p.m  thick  for  ail  the  waveguide  sam¬ 
ples. 

After  growth,  the  samples  were  processed  into  slab  waveguides  as  follows.  The  sub¬ 
strate  was  first  thinned  to  approximately  80  p,m,  and  a  blanket  n-type  ohmic  contact  was 
deposited  onto  the  bottom  surface  and  annealed.  An  array  of  200-p.m  outer-diameter  p- 
type  (Au/Cr/Au)  ring  contacts  was  evaporated  onto  the  upper  surface.  A  uniform  layer 
of  photoresist  was  spun  onto  the  surface,  and  250-p.m-wide  mesa  stripes  were  defined 
(with  the  contact  rings  centered  on  the  stripes)  using  photolithography  and  chemical  etch¬ 
ing.  The  material  was  cleaved  to  form  bars  with  facet-to-facet  spacings  ranging  from  250 
to  1000  p.m.  The  top-side  ring  contacts  allowed  us  to  perform  normal-incidence  photo- 
current  measurements  and  waveguide  measurements  on  the  same  sample. 

Photocurrent  measurements  were  performed  at  room  temperature  to  confirm  the 
good  optical  quality  of  the  samples  and  to  verify  that  phenomena  observed  previously  (see 
the  discussion  of  samples  EO-64  and  EO-72  in  Section  IV.B  above)  also  occur  in  the 
present  samples.  In  the  photocurrent  spectra  of  sample  EO-77  (the  control  sample  con¬ 
taining  uncoupled  7.5-nm  wells)  at  zero  bias  and  at  a  bias  of  6  V  (Fig.  22),  the  QCSE 
observed  is  similar  to  that  observed  in  E0-64  earlier.  In  the  photocurrent  spectra  at  the 
same  biases  for  the  ACQW  sample,  EO-75  (Fig.  23),  the  shift  of  the  hlel  exciton  is  much 
larger  due  to  the  coupling  between  the  7.5-  and  5.0-nm  wells.  At  6  V,  the  sample  is 
biased  slightly  beyond  resonance,  so  the  h2e{  transition  is  comparable  in  strength  to  the 
hlel  transition.  In  the  photocurrent  spectra  shown  here,  Fabry-Perot  fringes  appear  that 
arise  from  multiple  reflections  from  the  front  and  back  of  the  samples.  The  observed 
fringe  spacing  is  consistent  with  the  80-p.m  thickness  of  the  present  samples.  They  were 
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FIG.  22.  Room-temperature  photocurrent  spectra  of  an  InGaAs/InAlAs  MQW 
waveguide  sample  (EO-77)  containing  only  uncoupled  7.5-nm  quantum  wells  at  0  V  and  1 

6  V  reverse  bias. 


PHOTOCURRENT  (arb.  units) 


not  resolved  in  our  previous  photocurrent  samples  because  those  samples  were  much 
thicker. 

The  quantum-well  waveguides  were  measured  and  analyzed  as  described  in  Section 
III.C,  and  the  results  of  phase-shift  and  transmission  measurements  made  on  each  of  the 
samples  are  shown  in  Fig.  24.  In  the  upper  plot  (a)  optical  phase  shifts  (TM  polarization) 
of  the  two  samples  as  a  function  of  applied  bias  (measured  in  our  Mach-Zehnder  inter¬ 
ferometer  using  an  infrared  He-Ne  laser  with  a  wavelength  of  1.523  p.m)  are  compared. 
The  dashed  lines  represent  errors  as  determined  by  repeating  the  measurements  on 
different  days  or  after  realigning  the  sample  in  the  interferometer.  At  biases  for  which  the 
waveguide  regions  were  highly-absorbing,  the  measurements  were  unreliable  due  to 
interference  between  the  guided  light  and  light  that  traveled  through  the  transparent  sub¬ 
strate.  The  phase  shifts  measured  in  the  coupled-well  sample  are  considerably  larger  than 
those  of  the  uncoupled-well  sample  throughout  the  range  of  applied  biases,  because  of  the 
effects  of  coupling  on  the  field  dependence  of  the  absorption  energies.  Because  the  laser 
wavelength  is  very  close  to  the  absorption  edges  of  the  samples,  there  is  a  substantial 
amount  of  absorption  at  zero  bias.  The  transmission  through  the  ACQW  sample 
descreases  rapidly  with  bias,  aw  shown  in  Fig.  24  (b),  and  therefore  we  were  unable  to 
observe  the  inter-well  (/jCj)  exciton  directly  in  our  measurement.  Nevertheless,  the  rapid 
decrease  in  transmission  and  large  phase-shift  observed  in  this  sample  can  be  associated 
with  the  inter-well  transition.  In  Fig.  25,  our  phase  shift  and  transmission  results  have 
been  converted  to  changes  in  the  real  (An)  and  imaginary  (Afc)  parts  of  the  effective 
refractive  index  of  the  waveguide. 

Our  results  can  be  understood  in  terms  of  the  two-subband  model  described  in  Sec¬ 
tion  III.C.  We  have  performed  calculations  of  the  electro-refraction  expected  from  both 
the  ACQW  and  uncoupled-well  waveguic.  at  wavelengths  of  1.52,  1.56,  and  1.6  p.m. 
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FIG,24.Phase  shift  (a)  and  relative  transmission  (b)  measured  as  a  function  of  reverse 
bias  in  250-p.m-long  waveguides  containing  uncoupled  wells  (sample  EO-77)  and  asvm- 
metnc  coupied  wells  (sample  EO-75)  of  InGaAs/InAlAs.  Measurements  were  made  using 
a  Mach- Zehnder  interferometer  operated  at  a  wavelength  of  1.523  nm  in  TM  polarization. 
I  he  coupled-well  sample  showed  a  much  more  rapid  increase  in  the  phase  shift  (and  a 
corresponding  decrease  in  the  transmission)  with  increasing  reverse  bias  due  to  the 
strongly  shifting  inter- well  light-hole  transition. 
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FIG.  25.  Changes  in  the  real  (a)  and  imaginary  (b)  parts  of  the  effective  waveguide 
refractive  index  as  a  function  of  reverse  bias  at  1.523  p.m  in  TM  polarization  in  250-p.m- 
long  waveguides  containing  uncoupled  wells  (sample  EO-77)  and  asymmetric  coupled 
wells  (sample  EO-75)  of  InGaAs/InAlAs. 
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Results  of  the  calculations,  shown  in  Fig.  26,  confirm  our  interpretation  of  the  experimen¬ 
tal  data  and  show  the  expected  performance  of  the  devices  at  the  other  wavelengths.  As 
was  the  case  for  the  GaAs  ACQW  waveguide  described  in  Section  III.C,  a  larger  detuning 
from  the  exciton  resonance  should  result  in  a  more  favorable  value  of  the  chirp  parameter 
An /A A:  for  phase  modulation.  Excellent  performance  as  an  intensity  modulator  is 
obtained  at  1.523  p.m,  where  the  measurements  were  made.  At  this  wavelength  the  chirp 
parameter  is  nearly  1  over  a  wide  range  of  biases.  In  our  measurements,  we  observed  20:1 
modulation  at  about  6.5-V  reverse  bias,  with  a  corresponding  phase  shift  of  about  140 
degrees. 

Our  results  have  shown  that  effective  intensity  and  phase  modulators  can  be 
obtained  in  the  InGaAs/InAlAs  material  system  grown  on  InP,  in  contrast  with  results 
reported  previously  by  others. 38,39  We  have  also  shown  that  use  of  the  ACQW  system 
allows  additional  degrees  of  freedom  in  design  that  permit  the  realization  of  structures 
with  better  modulation  characteristics  in  the  1.55-p.m  region  relative  to  devices  based  on 
the  QCSE5  that  occurs  in  uncoupled  structures. 


-63- 


FELD  (kV/cm) 


FIG.  26.  Calculated  changes  in  the  real  part  of  the  MQW  refractive  index  for  the  uncou¬ 
pled  and  ACQW  waveguides  at  wavelengths  of  (a)  1.52,  (b)  1.56,  and  (cj  1.60  p.m.  Calcu¬ 
lations  were  performed  assuming  a  light-hole  exciton  binding  energy  of  15  meV,  an  exci- 
ton  half-width  of  5  meV,  and  a  minimum  splitting  A  =  27.6  meV  of  the  two  electron 
states. 
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V.  DISCUSSION  AND  CONCLUSIONS 

As  a  result  of  our  in-depth  studies  of  the  coupling  between  electron  subbands  in 
ACQW  structures,  we  have  been  able  to  design  waveguide  intensity  and  phase  modula¬ 
tors  in  the  InGaAs/InAlAs  material  system  for  operation  in  the  1.55-p.m  wavelength 
region  that  have  distinct  advantages  over  modulators  based  on  the  QCSE.  We  have  also 
shown  that,  in  contrast  with  previous  studies,  it  is  possible  to  grow  high-quality 
InGaAs/InAiAs  quantum  wells  in  waveguide  structures  and  therefore  to  obtain  modula¬ 
tion  mechanisms  in  this  material  system  that  are  in  accord  with  theoretical  expectations. 
For  both  reasons,  the  present  study  can  be  considered  a  success,  and  we  expect  that,  with 
a  reasonable  amount  of  further  development,  the  InGaAs/InAlAs  ACQW  waveguide 
modulators  should  play  an  important  role  in  the  development  of  future  fiber-optic  sys¬ 
tems.  Our  results  in  the  GaAs/AlGaAs  system  should  also  be  important  for  practical 
application. 


A.  SUMMARY  OF  THE  CONTRACT  RESULTS 

When  we  first  proposed  our  study  of  ACQWs,  we  suggested  that  enhanced  phase 
modulation  would  result  from  a  decrease  in  the  integrated  absorption  of  the  excitons  in 
the  two  wells  as  an  applied  bias  brought  the  lowest  electron  subbands  of  the  two  wells 
into  resonance.  Detailed  calculations  of  the  exciton  binding  energies  and  the  exciton  oscil¬ 
lator  strengths  in  a  prototype  GaAs/AlGaAs  ACQW  system  (performed  as  part  of  the 
contract  work)  showed  instead  that  the  proposed  effect  was  weak  and  should  lead  to  a 
,  slight  increase  in  the  electro-refraction  of  ACQWs  in  comparison  with  uncoupled  wells. 

In  addition,  in  experimental  studies,  the  first  few  GaAs/AlGaAs  ACQW  samples  grown 
for  the  contract  showed  no  evidence  of  resonant  coupling  of  electron  subbands  and 
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exhibited  unexpected  nonlinear  optical  effects. 


Finally,  low-temperature  photocurrent  studies  of  later  samples  showed  the  effects  of 
coupling  unambiguously.  In  attempts  to  confirm  our  predictions  using  GaAs/AlGaAs 
ACQW  waveguides,  we  noted  resonances  in  the  phase  shifts  (shown  in  Fig.  12)  that  were 
larger  than  we  had  anticipated  based  on  the  expected  change  in  the  integrated  absorp¬ 
tion.  Also,  we  had  not  expected  the  bias  at  which  the  resonance  occurred  to  depend  on 
the  probing  wavelength.  Detailed  Kramers-Kronig  calculations  (described  in  Section 
III.C)  made  it  clear  to  us  that  the  observed  effect  was  not  associated  with  a  decrease  in  the 
integrated  absorption  at  resonance  but  rather  was  a  direct  consequence  of  the  "forbidden" 
inter-well  transition  that  occurs  beyond  the  resonance  of  the  two  electron  states  and  that 
dominates  the  below-bandgap  optical  properties  of  ACQWs.  This  effect  was  totally  unex¬ 
pected,  although  it  would  have  been  quite  obvious  had  we  performed  the  theoretical  cal¬ 
culation  first.  In  fact,  the  effect  that  we  observed  is  much  stronger  in  many  instances 
than  the  one  we  had  originally  proposed. 

Having  found  a  desirable  effect  and  having  achieved  a  detailed  understanding  of  its 
origin,  it  was  then  relatively  simple  for  us  to  exploit  it  by  designing  samples  in  the 
InGaAs/InAlAs  system  wherein  the  effect  would  be  quite  strong  and  its  advantages  over 
the  QCSE  would  be  apparent.  We  spent  a  considerable  amount  of  effort  (some  of  it  sup¬ 
ported  by  internal  funds)  to  optimize  the  quality  of  InGaAs  and  InAlAs  layers  grown  by 
MBE,  so  that  the  desired  phenomena  would  not  be  obscured  by  poor  quality  of  the  MQW 
samples.  Once  a  good  sample  design  was  obtained  and  good  material  was  being  grown  on 
the  MBE,  we  grew  some  relatively  thick  MQW  samples  to  verify  that  we  could  grow  good 
MQW  structures.  Our  room-temperature  photocurrent  studies  on  these  samples  showed 
that  the  phenomena  observed  originally  in  the  GaAs/AlGaAs  system  could  be  repeated 
(and  substantially  enhanced  by  slight  design  changes)  in  the  InGaAs/InAlAs  system. 
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Details  of  the  level  crossings  and  resonance  phenomena  were  confirmed  by  comparing 
results  of  low-temperature  photocurrent  studies  with  the  theoretical  calculations. 
Waveguides  grown  with  the  same  quantum-well  structures  as  the  thicker  samples  exhi¬ 
bited  the  expected  phase-  and  intensity-modulation  behavior  and  showed  many  of  the 
advantages  of  the  ACQW  system  over  uncoupled-well  systems. 

B.  ADVANTAGES  OF  COUPLED  QUANTUM  WELLS 

The  principal  advantage  of  the  ACQW  system  over  conventional  uncoupled-well 
modulators  based  on  the  QCSE  is  that  it  provides  more  degrees  of  freedom  for  designing 
optimized  structures.  In  structures  having  uncoupled,  equal-sized  wells,  the  only  degrees 
of  freedom  are  the  width  of  the  well  and  the  total  number  of  wells.  In  many  applications, 
these  are  predetermined  by  the  system  requirements,  and  there  are  no  degrees  of  freedom 
left  with  which  to  optimize  the  design  of  the  modulator.  For  example,  in  fiber-optics 
applications,  it  is  desirable  to  have  modulators  that  operate  at  either  1.3  or  1.55  p.m.  The 
width  of  a  quantum  well  for  a  QCSE  modulator  is  then  constrained  to  be  on  the  order  of 
3  nm  for  1.3  p.m  or  7  nm  for  1.55  p,m.  For  wells  this  thin,  the  QCSE  is  weak,  and  large 
reverse  biases  must  be  applied  to  the  modulator  in  order  to  obtain  sufficient  phase  shift 
and/or  modulation  depth.  Furthermore,  although  many  of  the  studies  of  phase  and 
intensity  modulation  reported  in  the  literature  have  used  multi-mode  waveguide  samples 
containing  many  quantum  wells,  in  reality  the  military  applications  of  interest  may 
require  single-mode  waveguides,  which  must  contain  only  a  few  wells  to  limit  the  overall 
thickness  of  the  core  region. 

The  ACQW  system  has  a  sufficient  number  of  degrees  of  freedom  to  overcome  these 
limitations.  The  size  of  the  effects  due  to  the  inter-well  transition  in  these  structures  does 
not  depend  substantially  on  the  width  of  the  larger  well,  and  this  parameter  may  be 
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chosen  to  give  maximum  performance  of  the  modulator  at  the  wavelength  of  interest.  Our 
results  have  been  obtained  in  single-mode  guides,  and  we  have  shown  that  substantial 
effects  may  be  observed  without  resorting  to  multi-mode  structures.  In  addition  to  the 
width  of  the  widest  well  and  the  number  of  wells,  the  thickness  of  the  tunnel  barrier  and 
the  width  of  the  smaller  well  can  be  varied  to  optimize  the  performance.  It  is  expected 
that,  with  these  additional  paramete  r  structures  that  show  vastly  improved  performance 
over  QCSE  devices  can  be  designed  to  operate  in  any  wavelength  region  that  is  accessible 
with  quantum-well  devices. 

C.  DESIGN  OF  OPTIMIZED  ACQW  STRUCTURES 

The  greatest  advantage  of  ACQW  modulators  over  QCSE  modulators  is  achieved 
when  the  coupling  between  electron  subbands  of  the  two  wells  is  strong.  Since  the 
strength  of  coupling  varies  as  exp[~76],  where  b  is  the  thickness  of  the  tunneling  barrier 
separating  the  two  wells,  it  is  obvious  that  b  should  be  small  (on  the  order  of  1-2  nm). 
However,  if  b  is  less  than  about  1  nm,  the  electron  subbands  are  strongly  coupled  even  at 
zero  bias,  and  therefore  the  optical  properties  do  not  change  rapidly  with  applied  bias. 

The  bias  at  which  resonance  occurs  is  given  approximately  by 

V,  =  2dAE/(al  + a2+2b)  -  Vb(  ,  (9) 

where  d  is  the  thickness  of  the  intrinsic  region  of  the  diode,  AE  is  the  energy  separation 
of  the  electron  subbands  of  the  two  (uncoupled)  wells  at  zero  field,  and  Vbt  is  the  built-in 
potential  of  the  diode.  The  largest  change  in  the  refractive  index  of  the  ACQW  system 
occurs  between  zero  bias  and  just  past  the  resonance  bias,  so  it  is  important  to  keep  Vr  as 
small  as  possible  consistent  with  a  large  change  in  the  optical  properties.  In  our  studies,  d 
was  kept  relatively  large  so  we  could  resolve  expected  features  in  the  electro-absorption 
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and  electro-refraction.  However,  to  maximize  the  phase  shift  (or  modulation)  per  volt 
applied  to  the  sample,  d  could  be  made  as  thin  as  the  waveguide  core  region  (i.e.,  on  the 
order  of  200  nm),  in  which  case  the  modulators  could  operate  effectively  with  biases  on 
the  order  of  1-2  V. 

The  best  modulation  characteristics  are  obtained  when  the  relative  well  widths  and 
the  barrier  thickness  are  chosen  so  that  the  wells  are  essentially  uncoupled  at  zero  bias 
but  begin  to  couple  when  a  small  reverse  bias  is  applied.  This  condition  implies  that  the 
width  of  the  smaller  well,  a2,  is  not  too  different  from  the  width  of  the  larger  well,  at. 
This  is  because  the  quantity  A E  in  Eq.  (9)  is  zero  when  ai  =  a2;  thus,  making  a2  nearly 
equal  to  aj  keeps  this  quantity  (and  therefore  Vr )  small.  However,  the  bias  range  over 
which  coupling  between  the  wells  is  strong  is  proportional  to  exp[  —  76],  so  some  difference 
between  the  well  widths  must  be  retained  or,  again,  the  system  will  behave  like  a  sym¬ 
metric  system,  and  the  advantages  of  the  ACQW  approach  will  be  lost.  Although  we 
have  not  performed  a  detailed  design  study  covering  all  reasonable  ranges  in  the  parame¬ 
ters,  we  believe  that  the  design  of  the  InGaAs/InAlAs  modulator  discussed  in  Section 
IV.C  (7.5-  and  5.0-nm  wells,  1.6-  nm  barrier)  is  close  to  optimum  for  operation  in  the 
1.55-p.m  range. 

The  thickness  of  the  larger  quantum  well  should  be  chosen  such  that  the  absorption 
edge  appropriate  for  the  chosen  polarization  (in  our  case,  the  llel  exciton  absorption 
edge)  is  just  above  the  photon  energy  for  intensity  modulators  and  somewhat  (~  50-100 
meV)  above  the  photon  energy  for  phase  modulators.  We  used  TM-polarized  light 
exclusively  in  our  work  to  eliminate  heavy-hole  transitions  and  thereby  simplify  the  task 
of  interpreting  the  results.  In  practical  applications,  it  may  be  advantageous  to  use  TE 
polarization  instead,  since  the  heavy-hole  states  are  more  easily  polarizable  by  an  applied 
bias,  and  somewhat  larger  effects  should  be  observable.  If  TE-polarized  light  is  used,  the 
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wells  must  be  narrower  (~  6  nm)  so  that  the  heavy-hole  exciton  absorption  occurs  at 
about  1.48  jxm. 

D.  RECOMMENDATIONS  FOR  FURTHER  STUDY 

The  present  research  has  demonstrated  that  ACQW  systems  have  advantages  over 
other  quantum-well  systems  for  use  as  intensity  and  phase  modulators.  There  are  several 
areas  in  which  further  research  and  development  would  be  warranted: 

(a)  Measurements  of  electro-absorption  and  electro-refraction  of  the  present 
InGaAs/InAlAs  ACQW  waveguides  with  a  tunable  laser,  such  as  a  NaCl  color  center 
laser.  This  would  permit  a  more  thorough  test  of  the  electro-refraction  model  and 
would  give  additional  insight  into  the  design  of  optimized  devices  for  operation  at 
1.55  u-m. 

(b)  Measurements  of  the  waveguide  samples  grown  for  the  contract  with  TE-polarized 
light.  We  avoided  this,  because  we  believed  that  the  additional  heavy-hole  transi¬ 
tions  would  complicate  the  interpretation  of  the  results.  However,  the  modulators 
might  work  better  with  TE  polarization,  as  mentioned  above.  Optimization  of  struc¬ 
tures  for  TE  polarization  would  require  design  and  growth  of  additional  samples. 

(c)  Design  studies  to  determine  optimum  ACQW  geometries  for  various  applications. 
These  would  quantify  the  conclusions  of  Section  V.C  above. 

(d)  Studies  of  hole-state  coupling  effects.  The  present  contract  concentrated  exclusively 
on  electron  subband  resonances,  mainly  (again)  for  ease  in  interpreting  the  data.  By 
growing  samples  in  which  the  ordering  of  the  wide  and  narrow  wells  is  reversed,  one 
can  bring  the  hole  subbands  into  resonance  by  applying  a  reverse  bias.  This  would 
yield  some  new  effects,  since  the  light-hole  subbands  would  be  strongly  affected  by 
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the  coupling  but  the  heavy-hole  subbands  would  be  nearly  unaffected.  It  is  possible 
that  yet  stronger  effects  would  be  observed  in  this  geometry. 

(e)  Examination  of  the  potential  of  the  ACQW  geometry  for  optical  controllability.  If 
the  ACQW  system  is  biased  beyond  resonance,  optically-created  electron-hole  pairs 
become  spatially  separated,  with  the  electrons  tunneling  into  the  narrow  well  and  the 
holes  remaining  behind  in  the  wide  well.  The  recombination  process  is  inhibited,  and 
a  macroscopic  space-charge  builds  up  that  tends  to  cancel  the  applied  bias.  Thus,  an 
above-bandgap  light  signal,  rather  than  an  applied  bias,  can  be  used  to  modulate 
below-bandgap  light.  (This  phenomenon  is  similar  to  that  observed  in  sample  259, 
but  would  occur  at  higher  light  intensities  in  good-quality  samples.) 

(f)  Fabrication  of  ACQW  waveguides  that  confine  light  to  a  single  mode  in  two  dimen¬ 
sions,  i.e.,  rib  or  ridge  waveguides,  by  wet  chemical  etching  or  reactive-ion  etching. 
These  would  have  to  be  anti-reflection  coated  to  minimize  Fabry-Perot  oscillations  in 
phase-modulation  structures.  Waveguides  of  this  type  are  required  for  many  appli¬ 
cations,  including  on-chip  integration  with  lasers. 

In  conclusion,  we  have  demonstrated  that  the  ACQW  system  can  be  used  effectively  in 
phase  and  intensity  modulators  appropriate  for  the  1.55-p.m  wavelength  band  appropri¬ 
ate  for  application  in  fiber-optic  systems. 
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APPENDIX  A.  DESCRIPTION  OF  SAMPLES 


GaAs/AlGaAs  (grown  on  PHI  425B  NBC  machine) 


number 

n 

al 

a2 

bl 

b2 

d 

Ssc . 

Comments 

259 

40 

8.0 

4.0 

5.0 

10.0 

1.4 

II.  B 

Transmission 

351 

40 

8.5 

4.3 

0.8 

10.0 

1.0 

II  .B 

Transmission 

800 

40 

7.2 

.  •  . 

.  .  . 

9.8 

0.98 

III. A 

Photocurrent** 

802 

40 

8.8 

3.6 

9.0 

9.8 

1.55 

III  .A 

Photocurrent 

919* 

7 

8.5 

4.3 

2.1 

8.5 

1.5 

III.C 

Waveguide 

1121* 

7 

9.5 

4.5 

2.4 

9.8 

1.5 

III  .B 

Photocurrent 

InGaAs/InAlAs-  (grown 

on  Varian  GEN-II 

NBE 

machine ) 

nuab«r 

n 

al 

a2  ' 

bl 

b2 

d 

Sec. 

Comments 

EO-64* 

40 

7.5 

o  •  • 

10.0 

1.0 

IV.  B 

Photocurrent 

EO-72* 

29 

7.5 

5.0 

1.6 

10.0 

1.0 

IV.  B 

Photocurrent 

EO-74 

13 

7.5 

5.0 

1.6 

10.0 

1.0 

•  •  • 

None 

EO-75* 

13 

7.5 

5.0 

1.6 

10.0 

1.0 

IV. c 

Waveguide 

EO-76 

13 

7.5 

5.0 

1.6 

10.0 

1.0 

•  •  • 

None 

EO-77* 

13 

7.5 

. . . 

. . . 

16.6 

1.0 

IV. c 

Waveguide 

EO-79***  13 

7.5 

5.0 

1.6 

10.0 

1.0 

IV. D 

None 

NOTATION: 

number  -  identifying  sample  number, 
n  -  number  of  MQW  periods 
al  -  width  of  wide  quantum  well 
a2  -  width  of  narrow  quantum  well 
bl  -  width  of  coupling  barrier 
b2  -  width  of  barrier  separating  well  pairs 
d  -  total  intrinsic  region  thickness 
Sec.  -  Section  of  this  report  in  which  sample  is  discussed 


COMMENTS : 
Transmission 

Photocurrent 

Waveguide 

None 


sample  was  characterized  with  room-temperature 
transmission  measurements. 

sample  was  characterized  with  room-  (and  possibly 
low-)  temperature  photocurrent  measurements, 
sample  was  processed  into  slab  waveguides  and 
characterized  with  electro-absorption  and 
electro-refraction  measurements  in  a  Mach-Zehnder 
interferometer . 

Sample  was  processed  into  an  appropriate  device 
but  no  measurements  were  made  other  than 
room-temperature  transmission  at  zero  bias. 

These  samples  are  available  for  further  study  by 
RADC  if  desired. 


*Will  be  delivered  as  part  of  the  contract. 

**Sample  containing  only  a  single  well  width. 

***Sample  EO-79  has  InAlAs  waveguide  cladding  regions;  all  other 
InGaAs/InAlAs  waveguides  have  InGaAs/InAlAs  superlattice 
cladding. 


-78- 


APPENDIX  B.  EXTERNAL  PUBLICATIONS  AND 


PRESENTATIONS  RESULTING  FROM  THE  CONTRACT 


1.  J.  W.  Little,  J.  K.  Whisnant,  R.  P.  Leavitt,  and  R.  A.  Wilson,  "Extremely  low- 
intensity  optical  nonlinearities  in  asymmetric  coupled  quantum  wells,"  Appl.  Phys. 
Lett.  51,  1786  (1987). 
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MISSION 


Rome  Air  Development  Center 


RADC  plans  and  executes  research,  development,  test  and 
selected  acquisition  programs  in  support  of  Command,  Control, 
Communications  and  Intelligence  (C'l)  activities.  Technical  and 
engineering  support  within  areas  of  competence  is  provided  to 
ESD  Program  Offices  (POs)  and  other  ESD  elements  to 
perform  effective  acquisition  of  C3I  systems.  The  areas  of 
technical  competence  include  communications,  command  and 
control,  battle  management  information  processing,  surveillance 
sensors,  intelligence  data  collection  and  handling,  solid  state 
sciences,  electromagnetics,  and  propagation,  and  electronic 
reliability  /maintainability  and  compatibility. 


